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ABSTRACT 


Experiments  weie  conducted  to  study  the  involvement  of  the  symp¬ 
athetic  nervous  system  in  sheep  during  eating  and  during  acute  cold  exposure. 
Propranolol,  a  beta-adrenergic  blocking  agent,  was  used  to  inhibit  the 
effect  of  sympathetic  stimulation.  In  the  first  experiment,  propranolol 
at  0.25,  0.5  and  1.0  mg/kg  was  used  to  inhibit  beta-adrenergic  activity 
in  sheep  with  fleece  during  feeding  and  during  exposure  to  -30°C.  Sub¬ 
sequently  the  effects  of  propranolol  were  tested  on  sheared  sheep  exposed 
to  -30°C.  Finally  the  effects  of  total  pharmacological  cardiac  blockade 
with  atropine  (0.05  mg/kg)  and  propranolol  (0.5  mg/kg)  were  tested  during 
eating  and  during  direct  cardiac  nerve  stimulation. 

Metabolic  rates  were  determined  from  respiratory  exchange  and 
heart  rates  were  determined  by  electro- cardiography .  Beta-adrenergic 
blockade  alone  markedly  reduced  cardio-acceleration  during  cold  stress  but 
not  during  eating.  Propranolol  had  no  effect  on  energy  expenditure  during 
eating.  Increased  energy  expenditure  during  mild  cold  stress  was  reduced 
by  propranolol  at  1.0  mg/kg. 

During  severe  cold  stress  cold-acclimated  sheep  increased  heat  pro¬ 
duction  to  a  level  about  257,  higher  than  warm-acclimated  sheep.  Winter- 
acclimatized  sheep  exposed  to  a  similar  air  temperature  increased  heat 
production  less  than  either  of  the  other  groups. 

The  results  indicate  that  the  thermal  insulation  was  greatest  in 
these  animals.  Propranolol  at  1.0  mg/kg  inhibited  maximal  heat  production 
during  this  severe  cold  exposure  by  about  670  in  the  warm-acclimated  sheep 
and  127o  in  the  cold-acclimatized  sheep.  No  effect  was  observed  in  the 
winter-acclimatized  sheep. 

Cardio-acceleration  following  direct  stimulation  of  the  stellate 
ganglion  in  anaesthetized  sheep  was  effectively  inhibited  for  at  least 


two  hours  by  propranolol  at  0.5  mg/kg.  Atropine  at  0.05  mg/kg  inhibited 
the  direct  effects  of  stimulation  of  the  vagal  efferents  to  the  heart. 

Resting  heart  rate  in  conscious  sheep  following  pharmacological 
blockade  with  propranolol  and  atropine  was  shown  to  increase  from  about 
60  beats/min  to  about  100  beats/min  which  is  presumably  the  intrinsic 
rate  of  the  normal  heart. 

The  heart  rate  of  thyroidectomized  sheep  did  not  change  following 
pharmacological  denervation  with  isolation.  Moreover,  eating  did  not 
significantly  change  the  rate  of  isolated  hearts  in  euthyroid  or 
thyroidectomized  sheep. 
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I.  INTRODUCTION  and  REVIEW  OF  LITERATURE 


INTRODUCTION 

In  order  for  the  life  processes  of  homeotherms,  such  as  sheep, 
to  function  at  maximal  efficiency  a  constant  body  temperature  must 
be  maintained.  The  reference  point  for  body  temperature  is  usually 
taken  as  the  temperature  of  the  deep  tissues  in  the  body  core.  In 
reality,  however,  body  temperature  can  show  a  considerable  variation 
from  the  periphery  to  the  absolute  center  of  the  animal.  Mean  body 
temperature  is  vulnerable,  at  all  times,  to  fluctuation  due  to  energy 
demand  of  body  functions  such  as  in  exercise  or  to  changes  in  ambient 
temperature . 

The  body  is  continuously  subjected  to  a  multiple  of  changes 
which  must  be  integrated  to  maintain  a  state  of  equilibrium.  Homeo¬ 
static  control  was  defined  by  Cannon  (1929)  as  "the  factors  which 
operated  in  the  body  to  maintain  uniformity".  The  study  of  homeo¬ 
stasis  is  simplified  by  considering  separate  systems  such  as  the 
nervous  system  or  the  circulatory  system,  in  isolation  while  remem¬ 
bering  that  none  are  separate  entities  to  themselves. 

The  autonomic  nervous  system  has  been  shown  to  be  responsible, 
in  part,  for  mechanical  and  chemical  modulation  of  the  internal 
environment  in  response  to  different  demands  of  certain  body  functions. 
This  study  is  concerned  with  the  extent  of  autonomic  involvement  in 
the  regulation  of  heart  rate  and  energy  exchange  in  sheep  in  response 
to  external  stimuli  of  cold  and  feeding.  Some  of  this  work  (Experi¬ 
ment  1)  has  been  reported  already  by  Webster  and  Hays  (1968). 

With  world  population  estimated  at  6.5  billion  by  2000  A.D., 
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or  about  two  times  that  of  1968,  animal  production  will  have  to 
increase  to  5837,  (as  compared  to  the  base  year  1958-59)  if  all 
people  are  to  be  fed  minimal  energy  and  protein  requirements  (Byerly, 
1966).  Animal  product  will  have  to  be  produced  more  efficiently  in 
existing,  developed  agricultural  areas  and  areas  not  now  acceptable 
for  animal  production  will  be  exploited.  Such  progress  requires  a 
greater  understanding  of  livestock  responses  in  various  normal  and 
extreme  situations. 

Quantitative  knowledge  about  specific  demands  of  energy  for 
all  facets  of  possible  livestock  husbandry  are  required  to  estimate 
and  predict  possible  efficiency  of  production  under  varied  conditions. 
The  energy  cost  of  feeding  in  the  sheep  has  been  rather  disputed  in 
past  reports.  In  order  to  clarify  this,  information  is  required  on 
the  physiological  changes  associated  with  eating  in  the  ruminant. 

The  Alberta  winter  undoubtedly  provides  conditions  which  can  be 
unfavorable  for  livestock  production.  Fundamental  studies  of  the 
effects  of  cold  stress  on  sheep  will  help  to  increase  efficiency  of 
production  in  these  areas. 
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REVIEW  OF  LITERATURE 


A .  Receptor  Sites  in  the  Sympathetic  Nervous  System 

During  the  last  seventy  years  much  has  been  achieved  in 
elucidating  the  interrelationships  between  the  actions  of  the 
sympathetic  nervous  system  and  the  adrenal  medulla.  Olivier  and 
Shafer  (1895)  were  the  first  to  disclose  that  the  effects  of 
injected  adrenal  medullary  extract  caused  an  increase  in  blood  press¬ 
ure.  Sympathetic  nerve  stimulation  was  regarded  by  Cannon  and  Bacq 
(1931)  as  an  outflow  of  neurohormone  from  nerve  excited  smooth  muscle. 
This  neurohormone  was  labelled  sympathin  and  was  to  be  the  basis  of 
much  controversy  for  the  next  thirty  years. 

Dale  (1906)  was  one  of  the  first  to  recognize  the  receptor 
context  of  sympathetic  nerve  stimulation.  His  classical  paper  illus¬ 
trated  the  inhibitory  effects  of  ergot  alkaloids  in  sympathetic 
transmission  at  the  myoneural  junction  and  termed  these  sites  the 
"receptive  mechanisms  for  adrenaline". 

Certain  paradoxical  effects  of  sympathetic  stimulation  and 
adrenaline  1  and  noradrenaline  injection  were  explained  by  Ahlquist 
(1948)  who  suggested  two  types  of  adrenergic  mechanisms:  alpha  and 
beta  receptors.  Functions  ascribed  to  alpha  receptors  include  vaso- 
construction ,  increased  uterine  contractilty ,  and  intestinal  relaxa¬ 
tion.  Beta  receptors  have  been  associated  with  vasodilation, 

^Adrenaline  is  the  European  and  English  name  used  to  identify  the  ad¬ 
renal  medulla  amine  extract.  Adrenalin  is  a  registered  trade  name 
in  the  United  States  and  the  generic  name  epinephrine  is  commonly 
used.  Noradrenaline  and  norepinephrine  are  common  used  names  for 
levarterenol . 
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bronchiodilation  and  myocardial  stimulation  (Ahlquist,  1967). 

It  is  now  quite  conclusive  that,  in  the  mammal,  noradrenaline 
is  the  primary  sympathetic  neural  transmitter  and  adrenaline  the 
primary  adrenal  medullary  hormone  (Kopin,  1966).  Noradrenaline  has 
been  shown  to  mediate  non-shivering  cold  thermogenesis  and  increase 
the  rate  and  force  of  contraction  in  heart  muscle.  This  catechola¬ 
mine  is  considered  primarily  a  potent  alpha-adrenergic  agent  with 
weak  beta-adrenergic  properties  except  on  the  heart  while  adrenaline 
has  both  alpha  and  beta-adrenergic  properties  (Furchgott,  1967). 

Sympathominetic  drugs  such  as  isoproterenol  have  been  used  to 
isolate  and  demonstrate  the  effects  of  adrenergic  receptors.  Isoprot¬ 
erenol  is  a  drug  similar  to  adrenaline  and  noradrenaline  in  chemical 
structure  and  has  strong  beta  adrenergic  tendencies  with  weak  alpha- 
adrenergic  properties  (Ariens,  1967). 

Much  of  this  work  has  been  done  with  the  help  of  adrenergic 
receptor  blocking  agents.  These  blocking  agents  are  drugs  which,  in 
some  way,  inhibit  the  action  of  nerve  stimulation  or  hormones  at  the 
receptor  sites  (for  example,  the  neuromuscular  junctions).  Ideally, 
they  should  provide  total  block  of  these  effects  without  themselves 
stimulating  the  mechanisms  or  liberating  endogenous  catecholamines 
(Blinks,  1967;  Furchgott,  1967).  They  should  be  effective  in  small 
doses  so  that  gross  physiological  side  effects  are  limited.  The  ergot 
alkaloids  used  by  Dale  (1906)  were  such  agents  and  since  this  time 
various  other  specific  adrenergic  blocking  agents  have  been  isolated 
and  incorporated  in  receptor  research.  Phenoxybenzamine  (Furchgott, 
1967)  and  phentolamine  (Antonis  e_t  al .  ,  1967)  have  been  used  as 
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effective  specific  alpha-adrenergic  blockers  and  dichloroiso-proterenol 
(DCI )  ,  pronethalol  and  more  recently  propranolol2  (Black  et  a^,  1964)  as 
specific  beta  receptor  blocking  agents.  The  first  specific  beta- 
adrenergic  blocking  agent  to  be  developed,  DCI,  exhibited  complicating 
sympathomimetic  properties  (Powell  and  Slater,  1958;  Moran  and  Perkins, 
1958) . 

It  was  estimated  (Black,  Duncan  and  Shanks,  1965;  Shanks, 

1966;  Mclnerny,  Gilmour  and  Blinks,  1965)  that  propranolol  had  a 
therapeutic  ratio  which  was  ten  fold  greater  than  pronethalol.  Pro¬ 
pranolol  did  not  produce  the  side  effects  in  man  found  with  prone¬ 
thalol  of  lightheadedness,  uncoordination  and  nausea  and  vomiting 
(Black  et  al. ,  1964). 

Ledsome,  Linden  and  Norman  (1965)  demonstrated  that  in  dogs 
intravenous  infusion  of  propranolol  (0.5  mg/kg)  would  prevent  from 
75  -  907o  of  the  change  in  heart  rate  caused  by  reflex  changes  in  the 
sympathetic  nervous  system.  It  had  been  suggested  (Black,  Duncan  and 
Shanks,  1965;  Shanks,  1966)  that  propranolol  was  devoid  of  intrinsic 
sympathomimetic  activity.  Blinks  (1967)  using  Ln  vitro  kitten  and 
guinea  pig  cardiac  tissues  subjected  to  propranolol  treatments  showed 
that  at  all  concentrations  used  (10“^  to  10-^  M  in  the  bath),  little 
sympathomimetic  effect  was  found.  Occasionally  increases  in  rate  or 
force  followed  administration  of  concentrations  between  10”  and 
10-6  M  but  these  were  slight.  Both  pronethalol  and  propranolol 

2Propranolol  (I.C.I.  45,  520;  Inderal;  1-iso  propylamino  -  3  -  (1 
naphthyloxy)  -  2  -  propanol  hydrochloride  (Black  et.  al.  ,  1964)  . 
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exhibited  simple  competitive  antagonisms  very  similar  to  the  atro¬ 
pine-acetylcholine  antagonism  at  muscarine  receptors  (Brink  and 
Hutchison,  1965;  Nakano  and  Kusakari,  1965;  Mclnery,  Gilmduir  and 
Blinks,  1'965). 

Different  types  of  beta  receptor  mechanist  have  been  suggested 
in  different  species  and  different  tissues.  Rail  and  Sutherland 
(1962)  indicated  that  the  beta-adrenergic  receptor  concept  was 
closely  related  to  the  adenyl  cyclase  enzyme  system.  It  has  been 
shown  (Rail  and  Sutherland,  1958;  Sutherland  and  Robison,  1966  and 
Mayer  e_t  al .  ,  1967)  that  in  many  tissues  activation  of  adenyl  cyclase 
to  catalyze  ATP  to  adenosine  3',  5'  AMP  (cyclic  AMP)  brings  about  a 
formation  of  the  active  phosphorylase  a,  an  enzyme  required  for  the 
conversion  of  glycogen  to  glucose  phosphate  through  an  activation 
of  phosphorylase  kinase.  Adenyl  cyclase  has  been  found  in  all 
animal  cells  examined  except  non-nucleated  erythrocytes  (Sutherland 
and  Robison,  1966).  Liver,  skeletal  muscle  and  heart  tissue  are 
very  dependent  on  this  enzyme  for  glycogenolysis  and  the  increased 
production  of  glucose.  Adrenaline,  ACTH  and  glucagon  will  stimulate 
activation  of  phosphorylase  in  many  tissues  but  with  different  sensi¬ 
tivities  (Sutherland  and  Robison,  1966;  Namm  and  Mayer,  1968). 

Robison  (1967)  suggested  that  the  enzyme  adenyl  cyclase  was  actually 
the  beta-adrenergic  receptor. 

B .  Autonomic  Regulation  of  Heart  Rate 

The  efferent  links  in  the  nervous  control  of  the  heart  con¬ 
sist  of  sympathetic  adrenergic  fibers  and  vagal  cholinergic  fibers. 
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In  all  cases  where  specialized  adjustments  are  required,  increased 
or  decreased  sympathetic  tone  may  occur;  decreased  or  increased 
vagal  tone  may  co-exist  with  changing  sympathetic  control  or  may 
be  perhaps  the  prevalent  factor.  The  two  different  branches  of 
the  autonomic  nervous  system  have  been  shown  (Robinson  e_t  al.  , 

1966)  to  regulate  both  the  force  of  contraction  of  the  myocardium 
(intropic  effect)  and  the  rate  of  pulsation  of  the  heart  muscle 
(chronotropic  effect) .  Stimulation  of  the  sympathetic  nerves  rer 
suited  in  an  increased  heart  rate  and  force  of  contraction  while 
parasympathetic  stimulation  brought  about  temporary  heart  blockade. 

Starling,  as  reported  by  Chapman  and  Mitchell  (1965), 
disclosed  his  theories  on  the  relative  importance  of  neural  control 
of  heart  rate  and  stroke  volume.  His  main  concept  of  cardiac  con¬ 
trol  was  that  diastolic  distensibility  was  the  main  mechanism 
regulating  ventricular  stroke  volume.  The  force  of  myocardial 
contraction  was  supposedly  primarily  dependent  upon  the  resting 
length  of  the  myocardial  fibers.  He  reported  that  an  intrinsic 
myocardial  response  was  the  main  controlling  factor  and  that 
autonomic  reflex  control  acted  on  it  to  facilitate  adaptation  to 
stress . 

Loewi  (1921)  demonstrated  that  vagal  stimulation  of  a  donor 
frog  heart  provided  a  perfusion  fluid  which  slowed  the  heart  of  a 
recipient  frog  heart.  This  he  called  "Vagusstof fe" .  He  also 
discovered  that  an  accelerator  substance  similar  to  adrenaline  was 
liberated  into  the  perfusate  upon  stimulation  of  the  accelerator 
nerves.  Atropine  has  been  shown  to  competitively  inhibit  the 
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muscarine- like  effect  of  acetylcholine  produced  by  stimulation  of  a 
parasympathetic  nerve  such  as  the  vagus  It  has  been  shown  that 
vagal  stimulation  and  acetylcholine  infusion  slows  the  pacemaker 
activity  by  increasing  potassium  permeability  of  the  membrane 
(Hoffman ,  1962) . 

The  effect  of  exercise  on  cardiovascular  function  has  long 
been  a  topic  of  interest  (Braunwald,  1966).  Graser  and  Meek  (1914) 
indicated  that  there  were  two  different  types  of  exercise  tachycardia, 
the  immediate  increase  in  heart  rate  due  to  exercise  and  the  prolonged 
residual  increased  heart  rate  due  to  continued  exercise.  More 
recently  Donald  and  Samueloff  (1966).  working  with  dogs  suggested 
that,  the  availability  of  noradrenaline  in  the  blood  stream  during 
exercise  contributed  to  the  increase  in  heart  rate  and  the  ability 
of  the  animal  to  perform  maximal  exercise.  Robinson  et  al 
(1966)  suggested  that  with  man  light  exercise  tachycardia  was  due 
primarily  to  the  withdrawal  of  parasympathetic  stimulation  while 
increased  sympathetic  activity  became  progressively  more  important 
in  cardiac  acceleration. 

It  has  been  possible  to  study  some  control  mechanisms  of  the 
heart  by  cardiac  denervation.  The  greatest  disadvantage  of  this  technique 
is  possible  interruption  of  other  important  functions  of  the  body  (i.e., 
respiration)  which  could  impair  metabolism  indirectly.  These  could,  per¬ 
haps,  be  avoided  by  more  precise  surgical  techniques.  Donald  and  Shephard 
(1963)  denervated  the  hearts  of  dogs.  Their  technique  involved  ablating 
the  sympathetic  network  of  the  heart  and  severing  both  vagi. 
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Adrenalectomy  was  also  included  to  eliminate  the  effect  of  catechola¬ 
mines  of  adrenomedullary  origin.  Mild  exercise  was  performed  on  a 
treadmill  and  heart  rate,  cardiac  output,  stroke  volume  and  oxygen 
consumption  measurements  were  recorded.  Cardiac  output  increased 
with  exercise  in  both  the  denervated  and  the  control  animals.  In 
the  denervated  preparations  this  increase  was  brought  about,  primarily, 
by  an  increase  in  stroke  volume  (  ml  blood  flow/heart  beat) .  Some 
exercise  tachycardia  was  evident  during  severe  exercise  but  it  was 
not  as  pronounced  as  in  the  normal  controls;  the  increase  being  about 
257o  above  resting  values  in  the  denervated  dogs  compared  to  an 
increase  of  1007o  in  the  normal  controls.  Adrenalectomy  did  have 
have  an  effect  on  the  change  in  heart  rate  patterns  or  on  the  plateau 
values  reached.  It  was  found,  however,  that  the  heart  was  more 
sensitive  to  noradrenaline  after  denervation.  This  is  characteris¬ 
tic  of  denervation  (Trendelenburg,  1966). 

Heart  sympathectomy  did  not  affect  the  ability  of  dogs  to 
perform  maximal  amounts  of  exercise  (Donald  and  Shephard,  1964). 

Maximal  exercise  was  evidenced  when  the  animals  could  no  longer  run 
on  the  treadmill  and  fell  exhausted.  Similar  results  were  indicated 
by  propranolol  treated  dogs  (Donald  and  Samueloff,  1966).  However, 
the  cardiac  denervated  dogs  in  the  same  study  could  not  maintain  the 
maximal  amount  of  exercise  demonstrated  before  treatment  with  propran¬ 
olol.  It  was  suggested  that  maximal  effort  required  the  cardio- 
stimulant  effect  of  the  cardiac  sympathetic  nerves  and  noradrena¬ 
line  released  into  the  circulation  from  nerve  endings  elsewhere  in 
the  body.  Decreasing  the  effect  of  either  of  these  decreased  the 
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capacity  of  these  animals  for  maximal  effort  (Donald  and  Milburn, 
1968).  Recent  work  by  Ashkar,  Stevens  and  Houssay  (1968)  suggested, 
however,  that  cardioacceleration  during  exercise  in  chronic 
denervated  dogs  required  catecholamines  of  adrenomedullary  origin. 
Noradrenaline  released  at  post- ganglionic  nerve  endings  away  from 
the  heart  was  not,  in  their  opinion,  related  to  this  tachycardia 
observed  during  exercise. 

Pharmacologically  denervated  hearts  have  illustrated  similar 
results  in  man  (Cumming  and  Carr,  1967;  Robinson  e_t  a_l.  ,  1966). 

This  work  involved  infusion  (i.v.)  of  atropine  (0.03  mg/kg)  and 
propranolol  (5  mg)  followed  by  exercise  on  a  bicycle  ergometer. 

Such  pharmacologically  isolated  hearts  resemble  a  heart-lung  pre¬ 
paration  (Jose,  1966).  Although  an  exercise  tachycardia  was  evident, 
cardiac  output  was  due  primarily  to  an  increased  stroke  volume 
compared  to  the  increased  heart  rate  in  normal  patients.  Pharmaco¬ 
logical  denervation  with  such  drugs  tends  to  isolate  the  heart  from 
hormonal  actions  of  the  entire  autonomic  nervous  system  and  the 
adrenal  medulla.  Propranolol  decreased  the  total  heart  rate  and 
cardiac  output  before  and  after  high  levels  of  exercise  with  a  mean 
fall  in  arterial  oxygen  content  after  exercise  (Robinson,  ejt  a JL.  , 
1965;  Cronin,  1967;  Epstein  e_t  a_l.  ,  1965).  The  decrease  in  cardiac 
output  of  these  treated  animals  (a  drop  of  207>)  after  exercise  was 
compensated  by  increased  extraction  of  oxygen  from  the  blood. 

By  studying  force- velocity  relationships  of  the  hearts  of 
man,  Sonnenblick  (1965)  indicated  that  in  the  normal  state  exercise 
tends  to  increase  profoundly  the  contractile  properties  of  the 
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myocardium.  This  was  attributed  to  the  effect  of  the  sympathetic 
nervous  system.  However,  beta-adrenergic  blockade  by  propranolol 
inhibited  any  increase  in  force  of  myocardial  contraction  but  heart 
rate  as  well  as  cardiac  output  did  increase. 

Exercise  tachycardia  was  demonstrated  in  isolated  hearts 
attached  to  exercising  dogs  (Donald  and  Samueloff,  1966).  Proprano¬ 
lol  again  was  used  to  block  any  adrenergic  hormonal  effects  and  the 
test  dogs  were  exercised  on  a  treadmill.  Tachycardia  of  the  isolated 
heart  and  the  heart  of  the  untreated  exercising  dog  was  proportional 
to  the  work  performed.  Propranolol  tended  to  abolish  the  increase 
in  heart  rate  of  the  isolated  heart  but  did  not  affect  the  donor 
dog  heart  significantly  in  any  way.  This  tends  to  suggest  that 
exercise  tachycardia  is  not  due  to  some  blood-borne  compound,  such 
as  catecholamines,  but  could  possibly  be  due  to  some  intrinsic 
property  of  the  heart. 

Tachycardia  has  been  illustrated  by  increasing  the  stretch 
on  isolated  sinus  node  tissue  and  increasing  the  perfusion  pressure 
for  in  vitro  heart  preparations  (Lange  e_t  al_.  ,  1966;  Pathak,  1966). 

A  tendency  for  tachycardia  blockade  was  illustrated  with  DCI 
(dichloroisoproterenol  -  Section  A)  in  the  perfused  heart  prepara¬ 
tion  while  adrenaline  and  atropine  in  the  perfusate  did  not  show 
any  effects  on  stretch  induced-acceleration.  A  possible  mechanism 
for  this  tachycardia  may  be  related  to  increased  permeability  of 
sodium  across  the  membrane  (Lange  e_t  a_l.  ,  1966). 


Webster  (1967)  recorded  similar  increases  in  heart  rate  in 
sheep  when  energy  expenditure  was  increased  to  a  comparable  degree 
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by  cold  exposure  or  by  eating  which  suggests  that  the  mechanisms 
controlling  heart  rate  were  similar  in  both  instances.  The 
present  study  was  designed,  in  part,  to  explore  the  authenticity 
of  that  assumption. 

C .  Sympathetic  Regulation  of  Energy  Metabolism 

A  recent  review  (Himms-Hagen ,  1967)  deals  extensively  with 
the  sympathetic  control  of  metabolism.  Only  specific  points  rele¬ 
vant  to  this  study  are  mentioned  below.  It  is  well  documented  that 
endogenous  catecholamines  and  sympathetic  neural  stimulation  can 
increase  metabolic  responses  of  muscle,  fat  tissue  and  smooth  muscle. 

A  quantitative  release  of  free  fatty  acids  (FFA)  from  subcutaneous 
adipose  tissue  in  dogs  was  evident  following  electrical  sympathetic 
nerve  stimulation  of  physiological  strength.  It  was  concluded  that 
sympathetic  control  could  mobilize  energy  for  the  animal  within  a 
few  minutes. 

Alpha  and  beta-adrenergic  receptors  are  both  thought  to  be 
active  in  the  hyperglycemic  response  to  adrenaline  in  man  (Pinkington 
et  al.,  1962).  Adrenaline  infusion  increased  blood  glucose  and 
lactate  levels  in  normal  man  (Antonis  et  a_l.,  1967).  Propranolol 
abolished  the  increase  in  lactate  but  not  glucose  following  adrena¬ 
line  infusion;  phentolamine  (an  alpha-adrenergic  blocking  agent  - 
Section  A)  had  no  effect  on  either  parameter.  However,  infusion  of 
both  alpha  and  beta  blocking  agents  prevented  any  increase  in  blood 
glucose  or  lactate.  In  patients  with  dietary  induced  ketosis  propran¬ 
olol  alone  was  able  to  prevent  an  increase  in  glucose  and  lactate 
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after  adrenaline  infusion.  From  this  the  authors  concluded  that  pro¬ 
pranolol  in  the  normal  patient  inhibits  glycolysis  in  muscle;  the 
rise  in  blood  glucose  resulted  from  glycogenolysis  in  the  liver  which 
must  have  been  mediated  by  alpha-adrenergic  receptors.  Phentolamine 
in  the  normal  patient  blocked  this  alpha- receptor  glycogenolysis  of 
the  liver  but  stimulation  of  glycolysis  in  muscle  produced  lactate 
and  subsequent  gluconeogenesis  in  the  liver  with  this  lactate  as  the 
substrate.  Ketotic  patients  who  were  unable  to  exhibit  glycogenoly¬ 
sis  in  the  liver  could  not,  therefore,  increase  blood  glucose  after 
beta  blockade.  Thus  it  was  suggested  that  in  man,  beta-adrenergic 
receptors  are  situated  in  the  muscle  and  alpha  receptors  in  the 
liver.  Despite  this,  no  well  defined  inter-tissue  or  inter- species 
conclusions  have  as  yet  been  reached  which  permit  a  generalized 
classification  as  to  the  role  of  alpha-and  beta-adrenergic  receptors 
in  the  control  of  energy  metabolism. 

Sympathetic  control  of  hepatic  glycogenolysis  by  adrenaline 
was  suggested  by  Ezdinli  e_t  al_.  (1968).  Assuming  that  the  central 
nervous  system  contains  strategically  located  centres  sensitive  to 
blood  glucose  they  sectioned  the  spinal  cord  of  anesthetized  dogs. 
Arterial  blood  glucose  levels  dropped.  Adrenaline  induced  hyper¬ 
glycemia  was  greatly  inhibited  in  the  dogs  with  spinal  section 
compared  to  normal  dogs  while  glucagon  induced  hyperglycemia  was  not 
significantly  inhibited.  It  was  suggested  that  adrenaline  induced 
hepatic  glycogenolysis  was  mediated  through  activation  of  the  hyper¬ 
glycemic  brain  center  with  effective  pathways  reaching  the  pancreas 
via  the  sympathetic  nerves.  Thus,  they  concluded  that  glucagon  and 
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adrenaline  may  act  together  to  form  a  very  efficient  mechanism  for 
support  of  blood  glucose  level. 

Metabolic  responses  to  stimuli  such  as  cold  exposure  and 
exercise  have  been  shown  in  some  way  to  involve  the  sympathetic 
nervous  system.  Hsieh,  Carlson  and  Gray  (1957)  realized  that  the 
sympathetic  nervous  system  had  some  effect  in  the  control  of  metabol¬ 
ism  of  rats  exposed  to  cold  but  that  the  calorigenic  role  depended 
on  the  history  of  cold  exposure  in  the  animal.  At  that  time,  nor¬ 
adrenaline  was  recognized  as  a  calorigenic  agent  (Hsieh  and  Carlson, 
1957).  Sympathetic  stimulation  or  catecholamine  infusion  in  rats, 
however,  only  produced  a  marked  response  after  they  had  been  previ¬ 
ously  subjected  to  cold  exposure. 

Exercise  induced  increases  in  rate  of  lipid  and  carbohydrate 
metabolism  have  been  demonstrated  in  man,  dogs  and  rats  (Himms- 
Hagen,  1967).  Muir,  Chamberlain  and  Pedoe  (1964)  measured  the 
effect  of  beta  blockade  on  free  fatty  acid,  (FFA)  and  carbohydrate 
metabolism  in  man.  Measurements  were  conducted  at  rest  and  during 
exercise.  It  was  shown  that  the  rate  of  mobilization  of  FFA  found 
during  exercise  could  be  inhibited  by  pronethalol.  This  beta- 
adrenergic  blocking  agent  also  lowered  the  resting  FFA  level  which 
suggested  that  sympathetic  tone  could  possibly  mobilize  these  fatty 
acids  continuously.  Beta-adrenergic  blockade  did  not  change  blood 
glucose  levels  before  or  after  exercise. 

Issekutz  et  al.,  (1966)  have  suggested  that  plasma  bound  FFA 
are  an  important  fuel  for  muscle  during  exercise  in  dogs.  However, 
the  actual  mechanism  of  control  was  not  studied. 
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The  total  aerobic  metabolism  of  carbohydrates  in  the  heart 
of  man  and  dog  accounts  for  approximately  357,  of  the  total  myocardial 
oxygen  consumption  (Bing,  1965).  It  seems  quite  doubtful  (Mayer, 
Williams  and  Smith,  1967)  that  adrenaline- induced  glycogenolysis  has 
any  physiological  significance  in  the  normal,  aerobically,  respiring 
mammal  heart.  This  tends  to  indicate  that  some  other  non-carbohy¬ 
drate  fuel  is  utilized  by  the  heart.  Paul  and  Issekutz  (1967) 
demonstrated  that  the  energy  supply  for  the  dog  heart  during  short 
hard  bursts  of  exercise  was  about  20-307,  FFA  while  for  prolonged 
work  70-907,  of  the  energy  was  from  this  source.  Oxidation  of  plasma 
glucose  in  either  case  was  quite  minor  and  contributed  not  more  than 
10-157,  of  this  expenditure.  It  was  shown  (Mayer  e_t  a/L.  ,  1963)  that 
the  intropic  effect  on  the  myocardium  could  occur  before  activation 
of  phosphorylase  although  it  was  apparent  that  cyclic  AMP  was 
involved.  An  increase  in  mechanical  activity  of  the  heart  was  attri¬ 
buted  to  changes  in  these  adrenine  nucleotide  concentrations  but  the 
actual  mechanism  were  not  known  (Williamson,  1966). 

The  present  study  is  concerned  with  sympathetic  and  other 
mechanisms  controlling  energy  metabolism  and  heart  rate.  No  attempt 
has  been  made,  however,  to  investigate  the  biochemical  mechanisms 
involved  in  the  control  of  these  functions.  It  is  fundamental  that 
the  possible  avenues  of  biochemical  control  discussed  above  be 
finally  resolved. 

D .  Responses  of  Sheep  to  Cold 

The  study  of  temperature  regulation  in  homeotherms  and 
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especially  temperature  regulation  under  the  conditions  of  cold 
exposure  has  been  expanding  since  before  the  last  world  war.  The 
physiological  effect  of  cold  exposure  is  defined  as  the  tendency 
of  the  environment  to  cause  a  change  in  the  individual  (Carlson 
et  al . ,  1953)  and  is  termed  environmental  cold  stress.  This  change 
in  the  homeotherms  which  alters  physiological  function  to  maintain 
core  temperature  is  termed  strain.  The  amount  of  cold  stress  to 
which  the  animal  can  be  subjected  is  a  function  of  the  basic  amount 
of  heat  produced  (Swift,  1932),  the  type  and  amount  of  insulation 
(Webster  and  Park,  1967),  the  amount  of  adaptation  to  the  environ¬ 
ment  (Glaser,  1950)  and  the  amount  of  energy  expended  in  muscular 
exercise.  The  thermoneutral  range  of  the  animal  is  that  ambient 
temperature  range  in  which  there  is  neither  an  increased  metabolism 
to  maintain  body  temperature  nor  increased  metabolism  to  dissipate 
heat . 

The  lower  limit  of  the  thermoneutral  range  is  generally 
referred  to  as  the  critical  temperature.  As  air  temperature  falls 
below  the  critical  temperature,  metabolic  rate  must  increase  to 
meet  the  rising  thermal  demand  of  the  environment.  If  an  animal  is 
allowed  to  eat  more  than  a  maintenance  ration  or  is  allowed  to 
exercise  or  has  additional  amounts  of  insulation,  the  critical 
temperature  will  be  lower  and  the  thermoneutral  range  possibly 
greater  than  with  a  basal  state  (Kleiber,  1961). 

Much  of  this  cold  environmental  work  has  been  with  the  white 
rat  and  man.  There  are,  however,  indications  that  species  variation 
for  many  of  the  body  functions  exists  and  so  it  is  necessary  to 
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realize  that  cold  stress  may  create  species  specific  physiological 
functions . 

Engineering  models  of  control  mechanisms  have  been  used  to 
explain  the  effect  of  central  thermal  control  (Hardy,  1961;  Bligh. 
1966).  It  is  now  accepted  that  a  well  defined  temperature  regulation 
centre  exists  in  the  hypothalamus  but  some  ignorance  prevails  as  to 
the  effect  of  other  controlling  mechanisms  such  as  peripheral 
receptors  and  extrahypothalamic  temperature  receptors  in  the  brain 
and  in  other  deep  body  tissues.  It  has  been  shown  that  input  signals 
from  peripheral  receptors  (Zotterman,  1953)  activate  the  central 
effect  of  thermal  regulation  to  cold  exposure  through  a  rate 
controlling  process  (Hardy,  1961). 

In  the  long  term,  the  heat  production  of  an  animal  must  be 
equal  to  its  total  heat  loss.  Heat  loss  or  heat  dissipation  refers 
to  heat  lost  by  convection,  conduction,  radiation,  evaporation,  heat 
lost  when  exspiring  air  and  loss  in  urine  and  feces. 

Maximal  metabolic  responses  to  cold  stress  have  been  defined 
as  "Summit  metabolism"  (Alexander,  1962).  If  heat  loss  is  faster 
than  heat  can  be  produced,  the  body  temperature  will  fall  and  death 
may  ensue.  Consequently,  a  measure  of  summit  metabolism  must  depend 
on  the  rate  of  fall  in  body  temperature  and  duration  of  the  measure¬ 
ment.  Although,  the  summit  metabolism  for  lambs  of  three  to  five  kg 
was  about  17  kcal/kg/hour  or  about  five  times  basal  metabolism,  it 
has  been  suggested  that  the  increased  size  of  the  adult  sheep  may 
provide  a  summit  metabolism  per  kg  weight  which  is  higher.  Adapta¬ 
tion  to  the  cold  may  increase  this  metabolic  value. 
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Following  a  sudden  drop  in  ambient  temperature  or  increased 
wind  speed  in  the  cold,  an  initial  compensatory  increase  in  meta¬ 
bolic  rate  is  experienced  which  is  greater  than  the  normal  equili¬ 
brium  value.  This  rise  in  heat  production  or  "metabolic  overshoot," 
has  been  noted  in  man  and  sheep  (Joyce  and  Blaxter,  1964).  During 
this  metabolic  overshoot  in  sheep,  heat  production  is  much  greater 
than  heat  loss.  In  order  to  remain  in  a  homeostatic  state,  the  animal 
must  decrease  heat  production  until  thermal  equilibrium  is  again 
attained.  This  rate  of  increasing  metabolism  and  the  time  required 
to  reach  a  level  of  thermal  equilibrium  of  oxygen  consumption,  and 
rectal  and  skin  temperatures  after  sudden  exposure  to  a  cold  environ¬ 
ment  is  a  function  of  the  severity  of  the  acute  cold  stress  and  the 
length  of  fleece  which  determines  its  rate  of  onset  (Webster,  1966). 

It  was  recognized  that  shivering  was  a  form  of  muscular  work 
which  the  body  incorporated  to  increase  warmth  (Hemingway,  1963; 
Glickman  e_t  a_l,  ,  1967).  A  comparison  of  energy  expenditure  during 
cold  exposure  and  exercise  in  the  warm  acclimated  dog  (Chatonnet  and 
Minaire,  1966)  suggested  that  shivering  could  account  almost  entirely 
for  cold  thermogenesis. 

It  has  been  shown,  however,  in  many  species  including  rats, 
dogs,  rabbits  and  cats  (Hemingway  e_t  al.  ,  1964;  Carlson,  1966)  that 
adaptation  to  cold  involves  a  transition  from  shivering  as  the  main 
source  of  incremental  heat  to  non- shiver ing  thermogenesis  (NST) 

(i.e.,  no  measure  of  electrical  activity  of  the  muscle  contractile 
units)  (Sellers,  Scott  and  Thomas,  1954).  Nonshivering  thermogenesis 
can  be  divided  into  two  components:  (a)  obligatory  NST  and  (b) 
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regulatory  NST  (Hsieh  et_  a_l .  ,  1966)  .  Obligatory  NST  is  that  minimal 
amount  of  heat  which  is  produced  to  maintain  the  animal.  This  is 
highly  correlated  to  the  amount  of  circulating  free  thyroid  hormone 
(i.e.,  thyroid  activity).  Cold  adaptation  demonstrates  an  increased 
basal  metabolic  rate  and  possibly  increased  ability  to  utilize  body 
reserves  (Slee  and  Sykes,  1967).  Regulatory  NST  is  the  incremental 
heat  production  stimulated  by  an  environment  lower  than  the  critical 
level.  This  non- shivering  thermogenic  effect  is  by  far  the  more 
important  part  of  homeostosis  at  low  environmental  temperatures 
where  maximal  heat  production  is  warranted  and  is  seen  to  be  additive 
(for  the  white  rat)  to  shivering  thermogenesis  (Jansky,  1966). 

The  calorigenic  effect  of  catecholamines  from  the  sympathetic 
nervous  system  and  adrenal  medulla  in  some  animals  is  well  accepted 
(Carlson,  1966;  Himms-Hagen,  1967)  but,  as  already  discussed,  the 
actual  biochemical  mechanisms  are  as  yet  not  well  defined.  Norad¬ 
renaline  infusion  in  warm  adapted  white  rats  resulted  in  dose 
dependent  mobilization  of  free  fatty  acids  and  increase  in  metabolic 
rate  (Hsieh  et  al.,  1966).  This  amine  not  only  increases  calori- 
genesis  but  also  controls  the  circulatory  adjustments  for  prevention 
of  heat  loss  (i.e.,  constriction  in  various  circulatory  beds). 

When  the  activity  of  sympathetic  nerves  was  reduced  by 
inhibition  or  neural  noradrenaline  synthesis,  rats  were  still  able  to 
increase  thermogenesis  during  cold-acclimation  by  increasing  adrenal 
medullary  adrenaline  (Johnson,  et  al  .  ,  1966).  It  was  suggested  that  this  is 
but  one  of  the  compensatory  mechanisms  that  may  play  a  part  in  main¬ 


tenance  of  homeothermy. 
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In  the  past  some  conflict  in  terminology  has  arisen  between 
acclimation  and  acclimatization.  The  meanings  based  on  definitions 
proposed  by  Hart  (1961)  are:  (1)  acclimatization  refers  to  the 
physiological  changes  induced  in  organisms  by  a  "complex  of  factors 
such  as  seasonal  and  climatic  changes"  and  (2)  acclimation  proposes 
changes  induced  by  a  "single  environmental  factor,  as  in  controlled 
experiments" . 

Usually  rodents  undergoing  acclimation  have  been  fed  ad 
1 ibitum  with  voluntary  feed  intake  increasing  in  the  cold.  Since 
this  could  be  considered  as  one  of  the  parameters  of  cold  acclimation, 
additional  energy  could  complicate  determination  of  other  parameters. 
Slee  and  Sykes  (1967)  fed  sheep  two  planes  of  ration  at  a  constant 
level  in  a  cold  environment  (+8  C)  and  found  that  acclimation,  as 
demonstrated  by  the  rate  of  ability  of  these  animals  to  adjust  to 
the  cold,  was  evident  in  both  groups  although  those  animals  fed  at 
the  low  place  showed  a  lesser  ability  to  adapt. 

During  the  initial  reaction  to  cold  stress  in  warm-acclimated 
man  increases  were  recorded  in  thyroid  hormone,  cortisol,  catecholamines 
ACTH ,  TSH,  systolic  and  diastolic  blood  pressure  and  blood  sugars 
(Bigelow  and  Sidlofsky,  1961;  Suzuki  e_t  al.  ,  1967).  Thyroidectomy  or 
adrenalectomy  decreased  the  initial  elevation  in  metabolic  rate  and 
and  it  has  been  suggested  that  metabolic  adaptation  to  cold  demons¬ 
trates  some  interaction  between  thyroid  hormone  and  hormones  of  the 
sympathetic  nervous  system.  Andersson  et  a_l.  ,  (1967)  has  shown  that 
thyroidectomized  goats  under  cold  stress  increased  noradrenaline  sec¬ 
retion  whereas  only  a  minor  increase  in  adrenalirP  secretion  was  reported 
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Hypothyroid  animals  reacted  differently  with  noradrenaline  secretion 
increasing  only  slightly  above  the  level  of  the  controls  but  the  adrena¬ 
line  secretion  reached  a  level  more  than  five  times  greater.  Although 
thyroid  hormones  are  of  importance  in  nonshivering  thermogenesis 
(Carlson,  1960)  sympathetic  responses  are  undoubtedly  one  of  the  main 
contributing  factors  (Hsieh,  Carlson  and  Gray,  1957;  Johnson,  Schon- 
baum  and  Sellers,  1966). 

Some  controversy  has  arisen  as  to  the  actual  sites  of  NST  when 
an  animal  is  subjected  to  cold  stress.  Much  of  the  initial  work  was 
done  with  the  white  rat  and  it  is  here  that  lack  of  inter-species 
extrapolation  of  various  physiological  phenomena  should  be  handled 
with  care. 

Hibernating  animals  (Hayward  et  al_ .  ,  1965)  and  other  species  including 
the  human  neonate  (Dawkins  and  Scopes,  1965),  demonstrate  large  amounts 
of  brown  adipose  tissue  (B.A.T.).  Evidence  for  the  contribution  of 
this  tissue  as  a  body  heat  supply  is  readily  acceptable  due  to  the 
sympathetic  nerve  supply,  the  blood  supply,  the  sensitivity  of  the 
tissue  to  cold  and  the  metabolic  rate  of  the  tissue  in  the  cold  (Smith 
and  Roberts,  1964;  Donhoffer,  Sardy  and  Szegvari,  1964).  The  white  rat 
maintains  very  little  B.A.T.  and  it  was  finally  substantiated  that 
N.S.T.  in  this  animal  is  partly  a  function  of  the  non-contract ile  pro¬ 
cesses  of  skeletal  muscle  (Hayward,  1967).  Measurement  of  cytochrome- 
oxidase  activity  of  maximal  metabolic  capacity  (Jansky,  1966)  suggests 
that  although  the  carcass  incremental  non-shivering  heat  is  by  far  the 
largest,  the  effect  of  liver  activity  should  not  be  overlooked. 

Work  done  with  cold-acclimated  white  rats  (Himms -Hagen ,  1965) 
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suggested  that  much  of  the  non-shivering  effect  of  increased  metabolism 
was  due  to  acceleration  of  the  triglyceride  cycle  of  the  B.A.T.  Cold 
acclimated  rats  showed  a  greater  mobilization  and  lipogenic  effect  of 
B.A.T.  during  severe  cold  stress  when  compared  with  thermoneutral  con¬ 
trols.  This  was  not  seen  in  white  adipose  tissue  (Steiner  _et  al_.  ,  1968). 

Schonbaum  e_t  ad..,  (1966)  followed  up  this  work  by  considering 
the  possible  controls  of  lipid  utilization.  They  realized  the  control 
of  beta-adrenergic  receptors  on  lipid  metabolism  and  blocked  these 
receptors  in  rats  acclimated  at  40°C  with  propranolol  in  doses  of  0.3 
to  0.9  mg/kg  intraperitoneally  every  30  minutes.  These  anesthetized 
rats  were  placed  in  temperatures  of  4°C  and  the  effect  of  shivering  was 
found  to  be  greater  compared  to  the  non-treated  trials.  Thus,  it  was 
concluded  that  beta-adrenergic  blockade  did  interfere  with  non-sh j.ver ing 
thermogenesis  in  the  rat. 

Noradrenaline  infusion  has  been  shown  to  have  calorigenic 
effects  in  rats  (Hsieh,  et_  a_l .  ,  1957),  kittens  (Moore  and  Underwood, 

1963)  cats  (Hemingway,  1964)  dogs,  and  neonate  rabbits  (Heroux,  1967). 
Hsieh  e_t  al .  ,  (1966)  demonstrated  that  although  the  metabolic  rate  of 
warm-acclimated  rats  increased  slightly  with  noradrenaline  infusion, 
similar  infusion  into  cold-acclimated  rats  increased  oxygen  consumption 
from  two  to  five  fold  depending  on  the  dosage  infused  (these  rats  were 
acclimated  to  +  5°C) .  The  Canadian  Cold  Physiology  Conference  in  1967 
suggested  this  procedure  to  demonstrate  acclimation  in  animals.  Nor¬ 
adrenaline  infusions  to  warm-acclimated  rats  for  30  minutes  has  increased 
the  basal  (resting)  metabolic  rate  25  -  45%. 


Increased  metabolic  rate  in  sheep  has  been  shown  to  be  highly 
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correlated  with  increasing  heart  rate  during  cold  exposure  (Webster, 
1967).  A  relationship  between  the  intensity  of  shivering  in  cold 
exposure  and  heart  rate  (Sykes  and  Slee,  1968)  constitutes  additional 
information  to  support  these  correlations.  rom  the  foregoing  dis¬ 
cussion  it  can  be  seen  that  during  cold  stress  increases  in  both  energy 
exchange  and  heart  rate  are  mediated  at  least  in  part  by  the  sympathetic 
nervous  system.  The  present  study  was  designed  to  demonstrate  the 
extent  of  involvement  of  sympathetic  control  of  energy  metabolism  and 
heart  rate  in  the  sheep. 

E .  Physiological  Changes  Associated  with  Feeding 

The  Agricultural  Research  Council's  report  on  nutrient  require¬ 
ments  of  ruminants  (1965)  have  suggested  that  the  energy  cost  of  grazing 
is  too  small  to  warrant  any  additional  allowances  when  estimating  the 
energy  requirements  of  the  animal  at  pasture.  Any  fundamental  definition 
for  the  energy  cost  of  feeding  should  include  energy  required  for  muscu¬ 
lar  jaw  movements,  increased  gut  and  other  organ  movements  and  the  pro¬ 
cesses  of  secretion  and  absorption.  Grazing,  of  course,  also  involves 
increased  movement  of  the  animal  in  search  and  gathering  of  food.  The 
energy  cost  of  grazing  must,  however,  include  eating  as  one  of  the 
components  of  total  energy  need. 

Graham  (1964)  estimated  that  the  energy  cost  of  eating  cut 
herbage  or  grazing  in  a  calorimeter  was  about  9  cal/min  of  eating/kg 
body  weight  for  sheep.  However,  the  time  spent  grazing  the  turf  was 
considerably  longer  than  the  time  spent  eating  an  equivalent  amount  of 
cut  herbage.  He  concluded  that  the  energy  cost  of  grazing  was  a  function 


24 


of  the  time  spent  eating;  a  sheep  which  had  grazed  for  ten  hours  would 
thus  expend  ten  times  the  amount  of  energy  compared  to  the  sheep  which 
had  eaten  for  one  hour. 

Increases  in  energy  expenditure  were  recorded  607o  above  resting 
levels  during  the  first  ten  minutes  of  eating  in  tracheostomized  sheep 
(Blaxter  and  Joyce,  1963).  The  increase  in  metabolic  rate  at  the  onset 
of  eating  was  attributed  to  excitement  experienced  by  the  sheep  during 
this  time.  Similar  excitement  was  assumed  to  have  occured  with  the 
sheep  Graham  had  used  (Webster,  1966)  so  that  those  values  of  energy 
expenditure  for  the  first  hour  could  not  necessarily  be  extrapolated 
for  subsequent  periods  of  eating  time.  Webster  suggested  that  similar 
excitatory  responsiveness  to  eating  would  not  be  exhibited  by  free 
ranging  animals  as  they  began  to  graze. 

Webster  (1967)  measured  the  relationship  between  eating  and 
metabolic  rate  of  tracheostomised  sheep.  Oxygen  consumption  reached  a 
maximal  level  during  the  first  ten  minute  period  of  eating  but  began 
to  decrease  considerably  before  feeding  was  completed.  After  feeding 
(about  25  minutes)  oxygen  consumption  values  returned  to  levels 
comparable  to  those  of  pre-feeding.  Heart  rate  did  not  attain  a  maxi¬ 
mal  peak  until  a  fifteen  minute  period  had  elapsed.  After  eating, 
heart  rate  values  did  not  return  to  the  level  of  pre-feeding  but  were 
considerably  greater  for  a  period  of  at  least  90  minutes.  It  was 
suggested  that  this  initial  metabolic  response  was  a  consequence  of 
eating,  per  se,  and  not  increased  sympathetic  activity  due  to  excite¬ 
ment  . 

In  a  thermoneutral  environment,  grazing  sheep  demonstrate  an 


25 


energy  demand  above  basal  levels  which  is  related  to  standing,  walking 
and  eating.  The  energy  demand  which  each  warrants  is  determined  by 
the  availability  of  grasses  to  the  animal.  Consequently,  a  pasture 
which  is  quite  productive  and  easily  grazed  would  require  less  walking 
time  and  less  searching  (thus  less  eating  time)  to  consume  maintenance 
levels.  Poorly  developed  pasture  would  force  the  sheep  to  walk  farther 
and  search  for  a  longer  period  of  time  to  achieve  equivalent  levels  of 
feed.  This  would  then  result  with  a  greater  energy  demand  for  grazing. 

Heart  rate  has  been  used  as  an  index  of  metabolic  rate  for  man 
(Read,  1924;  Malhotra,  Gupta  and  Rai,  1963),  cattle  (Blaxter,  1943) 
and  sheep  (Blaxter,  1948;  Webster,  1967)  in  various  basal  and  active 
physiological  conditions.  Webster  (1967)  indicated  that  a  close  linear 
relationship  existed  between  metabolic  rate  and  heart  rate  when  the 
stimulus  for  change  was  either  cold  exposure  or  eating.  Since  eating 
in  the  sheep  is  a  form  of  physical  activity,  it  is  reasonable  to 
suppose  that  the  metabolic  responses  noted  may  be  similar  to  those 
during  muscular  exercise. 

The  present  experiments  were  designed  to  compared  the  metabolic 
and  cardiovascular  responses  of  sheep  to  the  cold  exposure  and  to 
eating  while  investigating  the  role  of  the  sympathetic  nervous  system 


in  both  cases  . 


26 


II.  GENERAL  EXPERIMENTAL  PROCEDURES 

Experiments  at  the  University  of  Alberta 

Experiments  were  designed  to  investigate  the  autonomic  neural 
control  of  heart  rate  and  energy  metabolism  in  sheep  when  feeding 
and  when  exposed  to  acute  cold  stress.  The  technique  of  pharmacol¬ 
ogical  blockade  was  used  to  inhibit  sympathetic  and  parasympathetic 
control  of  these  parameters.  The  experiments  were  conducted  at  the 
Environmental  Laboratory  at  the  University  of  Alberta  Farm. 

A.  Animals  and  Rations 

The  five  sheep  used  in  the  first  experiment ,  which  involved 
feeding  trials  and  cold  trials,  were  adult  Lincoln  males  60  to  100  kg 
in  weight  with  fleeces  up  to  5  cm  in  depth.  These  animals  were 
maintained  in  a  thermostatic  controlled  thermoneutral  environment 
(TN)  at  about  +20°C  (Blaxter,  1962)  in  individual  feeding  crates  and 
fed  500  gm  of  alfalfa-brome  hay  two  times  per  day. 

The  animals  used  in  this  project  were  accustomed  to  the  pro¬ 
cedures  employed  in  these  experiments.  Heart  rate  measurements  with 
various  types  of  electrodes,  and  several  metabolism  measurements  both 
with  the  mask  and  with  the  feeding  hood  had  been  carried  out  before 
the  present  series  of  experiments  began.  Several  jugular  catheteri¬ 
zations  had  also  been  performed  prior  to  these  trials.  Consequently 
these  animals  were  very  familiar  with  the  workers  and  equipment  before 
any  major  data  was  acquired. 

The  twelve  sheep  used  for  the  second  experiment,  a  study  in 
cold  stress  at  summit  metabolism  were  Suffolk  males  60  to  80  kg  which 
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had  been  on  trial  throughout  the  winter.  They,  thus,  were  also  familiar 
with  the  workers  and  attachment  of  equipment.  They  had  been  maintained 
on  good  alf alfa-brome  hay  (offered  at  a  level  of  two  times  maintenance) 
and  were  on  the  same  feed  during  these  trials  in  the  spring  (May). 

Their  fleeces  had  been  sheared  one  week  before  the  experiment  had 
started  and  were  not  clipped  throughout  the  trials  which  lasted  up  to 
three  weeks. 

The  pharmacological  heart  blockade  trials  with  a  propranolol- 
atropine  infusion  (Experiment  3)  were  performed  with  two  Columbia- 
Lincoln  lambs  and  with  the  same  five  Lincoln  sheep  of  Experiment  1 
after  two  of  these  animals  had  been  thyro-parathyroidectomized  for 
two  months.  These  were  maintained  in  the  control  room  (4-20°C)  and  fed 
the  same  alfalfa-brome  hay  ration.  Acute  experiments  involving  neural 
stimulation  under  anesthetic  were  conducted  on  several  miscellaneous 
sheep  including  Suffolk  ewes  and  two  Columbia-Lincoln  lambs  of  20  kg 
weight . 

B .  Measurement  of  Energy  Expenditure 

Energy  expenditure  was  determined  from  continuous  measurement  of 
of  respiratory  exchange  using  open  circuit  respiration  apparatus 
(Webster  and  Hicks,  1968a).  During  the  periods  of  cold  exposure  the 
sheep  wore  a  face  mask  which  was  ventilated  at  a  fixed  rate  (Fig.  1) 
measured  by  a  wet  air  flow  meter ^ .  During  severe  cold  stress  under 
which  the  heat  production  of  a  sheep  is  increased  by  nearly  five¬ 
fold,  the  volume  of  air  expired  never  exceeded  800  1/hr  (Joyce  and 
Blaxter,  1964).  A  ventilation  rate  of  2000  1/hr  was  used  for  the  present 
^American  Meter  Co.,  Erie,  Penna.,  U.S.A. 
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FIGURE  1  -  View  of  sheep  with  respiratory  mask  in  the 
movable  crate. 
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FIGURE  2  -  View  of  metabolism  hood  used  for  feeding  trials. 
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experiments  which  was  certain  to  collect  all  expired  air  from  the  sheep 
during  all  degrees  of  cold  stress.  The  0£  and  C0?  contents  of  an 
aliquot  of  the  ventilating  air  stream  were  measured  continuously  using 
a  Beckman  F-3  09  analyzer  and  an  IR-215  C07“  analyzer,  respectively. 

In  the  feeding  experiments,  the  head  of  the  sheep  was  enclosed  in  a  hood 
which  was  ventilated  in  a  similar  fashion.  This  hood  was  large  enough 
to  allow  movement  of  the  sheep's  head  within  it  and  was  enclosed  about 
the  sheep's  neck  by  an  air  tight  rubber  collar  and  a  strap- 
The  front  of  the  hood  had  a  small  window  for  observation  and  a  small 
door  which  allowed  feed  to  be  placed  before  the  animal  and  to  be  again 
removed  (Fig.  2). 

For  the  initial  feeding  and  cold  trial,  the  02  and  C02  analyzers 
were  both  calibrated  and  operated  with  gases  saturated  with  water  vapor. 
This  was  done  in  order  to  obtain  a  rapid  response  to  changes  in  02 
consumption  and  especially  CO2  production.  The  absolute  accuracy  of  the 
analyzers  would  have  been  greater,  however,  had  the  gases  been  dried 
(Webster  and  Hicks,  1968a).  In  the  summit  metabolism  trials,  O2  consump¬ 
tion  only  was  measured.  In  this  case,  the  air  passing  the  gas  analy- 
zers  was  first  dried  with  anhydrous  calcium  sulphate  (Dri-rite) . 

In  no  experiment,  was  account  taken  of  CH4  production  or  N 
excretion  in  the  estimation  of  heat  production  from  measurement  of 
respiratory  exchange. 

Energy  expenditure  (heat  production,  Hp ,  kcal/hr)  was  deduced 
from  O2  consumption  and  CO2  production  (1/hr)  in  the  preliminary  feeding 
trials  and  cold  exposures  according  to  the  formula  of  Brouwer  (1965): 

^Beckman  Instruments,  Inc.,  Fullerton,  Calif.,  U.S.A. 
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Hp  =  02  x  3.836  +  C02  x  1.200 

For  the  calculation  of  energy  expenditure  in  the  summit  meta¬ 
bolism  studies  the  formula  of  Blaxter  and  Joyce  (1963)  was  used: 

Hp  =  02  x  4 . 86 

C .  Recording  Heart  Rates 

Heart  rates  were  usually  obtained  by  radiotelemetry^  or  with 
the  Sanborn  physiological  recorder1^.  Needle  electrodes  or  surface 
electrodes  were  used  throughout  these  trials.  The  radiotelemetry  unit 
required  only  two  electrodes  and  these  were  placed  on  the  back  above 
the  second  or  third  thoracic  vertebra  and  on  the  left  side  behind  the 
left  leg  (Fig.  3).  These  heart  beats  were  counted  as  auditory  signals 
from  the  radio  receiver.  The  Sanborn  physiological  recorder  pream¬ 
plifier  model  350-2800^  indicated  the  electrocardiography  (ECG)  and 
heart  rate  measurements  could  be  obtained  by  either  counting  the 
QRS  peaks  or  integrated  by  use  of  a  Sanborn  Cardiotachometer  preamp¬ 
lifier  model  350-3400^.  These  measurements  of  ECG  required  three 
electrodes  which  were  placed  one  on  the  back  above  the  second  or 
third  thoracic  vertebra  and  one  on  each  side  all  in  the  same  circum¬ 
ference  just  above  each  elbow. 

Needle  electrodes  were  placed  just  under  the  skin.  Surface 
electrodes  were  applied  to  a  well  shaven  skin  surface  with  electrode  jelly^ 
as  an  aid  to  electrical  transmission.  The  needle  electrodes  were  tied 
to  a  belt  around  the  animal  with  wire  bag  twisters  (as  used  by  food 
package  industry)  and  the  surface  electrodes  held  in  place  with  pads 

3Parks  Electronics  Ltd.,  Beaverton,  Oregon,  U.S.A. 

^Hewlett-Packard  (Canada)  Ltd.,  Montreal,  Quebec. 
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FIGURE  3  -  Position  of  electrodes  on  the  sheep  for  measure  of  heart  rate 
by  radiotelemetry. 
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about  three  inches  square  cut  from  rubber  tubing  or  taped  and  glued  to 
the  fleece  around  the  shaved  area.  It  was  found  that  either  type  of 
electrode  gave  good  results  for  eating  trials  but  the  surface  electrodes 
proved  much  better  in  cold  exposure  studies  where  shivering  caused 
marked  interference  to  the  EGG  signal  and  often  loosened  the  needle 
electrodes  allowing  them  to  become  detached  from  beneath  the  skin. 

Heart  rates  were  generally  counted  for  each  five  minute  period 
and  30  minute  average  heart  rates  were  indicated  unless  otherwise 
specified . 

D .  Measurement  of  Temperatures 

During  the  course  of  these  trials,  various  estimates  of  body 
temperature  were  required.  In  the  first  experiment,  rectal  temperatures 
were  recorded  with  a  telethermometer^  by  means  of  a  thermistor  probe 
which  was  kept  in  the  rectum  throughout  the  trial.  To  ensure  continued 
placement  of  the  probe,  it  was  held  either  with  a  tubing  clamp  which 
clipped  the  lead  wire  to  the  fleece  or  with  a  length  of  rubber  tubing 
in  the  form  of  a  loop  tied  to  the  harnass  of  the  crate.  Ambient  air 
temperatures  were  recorded  with  the  same  apparatus  with  the  thermistor 
probe  in  the  vicinity  of  the  animal. 

During  the  studies  of  cold  stress  at  summit  metabolism,  temper¬ 
atures  were  recorded  on  the  Speedomax  W  recorder. ^  In  total,  twelve 
different  temperature  readings  were  possible  and  these  included  nine 
different  skin  temperatures,  rectal  temperature  and  two  ambient  air 
temperatures.  Copper-constantan  thermocouple  junctions  were  attached 


^Yellow  Springs  Instrument  Co.,  Yellow  Springs,  Ohio. 
^Leeds  and  Northrup  (Canada)  Ltd.,  Toronto  15,  Ontario. 
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to  specific  locations  and  connected  to  the  recorder  outside  the  cold 
exposure  room. 

E .  Infusion  of  Drugs  and  Anaesthetic 

Drugs  and  anaesthetic  were  administered  through  an  intramedic 
polyethylene  catheter^  (PE  -90/536")  or  (PE  -190/536")  which  had  been 
previously  placed  in  either  of  the  external  jugular  veins  via  a 

bleeding  needle  (16-13  gauge).  The  catheter  was  threaded  into 
the  region  of  the  vena  cava  proximal  to  the  heart.  This  could  be 
detected  by  having  the  catheter  end  into  the  left  ventricle,  indicated 
by  pulsation  of  a  small  air  bubble  in  the  catheter  at  the  syringe  end, 
and  then  pulling  about  two  or  three  inches  of  catheter  out  of  the 

O 

animal.  The  catheter  was  then  filled  with  heparinized  saline0  (200 
U.S.P.  units  of  heparin  per  ml.  of  physiological  saline)  and  shut  off 
with  a  tap  which  was  connected  to  the  catheter  by  an  18  or  20  gauge 
needle  (specific  to  catheter  used) .  This  tap  was  then  tied  to  a  collar 
about  the  animal's  neck  with  bag  twisters  and  was  ready  for  use. 

Drugs  were  infused  into  the  animals  by  using  a  variable  speed 
infusion  pump  (series  600  -  950  V)^  which  was  kept  on  a  moveable 
surgical  cart  for  easy  transport  to  and  from  the  animal. 

a)  Drugs: 

Propranolol  (1 .  C .  1 .45 ,520 ,  Inderal)  was  supplied  b>  Ayerst 
Laboratories,  Saint  Laurent,  Quebec  courtesy  of  Dr.  R.O.  Davies.  The 

^Clay-Adams  Inc.,  New  York,  U.S.A. 

^Riker  Pharmaceutical  Co.  Ltd.,  Cooksville,  Ontario. 

^Harvard  Apparatus  Co.  Ltd.,  Dover,  Mass.,  U.S.A. 
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drug,  in  the  powder  form,  was  prepared  freshly  for  each  weekly  set  of 
trials  by  dissolving  in  physiological  saline  at  a  concentration  of 
2  mg/ml.  Solubility  was  enhanced  by  heating  the  reagent  bottle 
containing  the  saline  and  drug  powder  under  warm  top  water  while 
shaking.  Once  in  solution  this  drug  did  not  tend  to  settle  out. 

Atropine  solution  was  prepared  with  atropine  sulphate  and 
physiological  saline  at  a  concentration  of  0.5  mg/ml.  (The  British 
Drug  House  (Canada)  Ltd.,  Toronto,  Ontario). 

Isoproterenol  solution  was  prepared  from  Isoprel  injection  U.S.P. 
(isoproterenol  hydrochloride)  in  saline  at  a  concentration  of  10  you g/ml 
(Winthrop  Laboratories,  Division  of  Sterling  Drug  Ltd.,  Aurora, 
Ontario) . 

Noradrenaline  (levophed)  was  prepared  at  a  concentration  of 
10  yitg/ml,  (Winthrop  Laboratories,  Division  of  Sterling  Drug.  Ltd.,, 
Aurora,  Ontario). 

Adrenaline  (1-adrenaline)  was  supplied  in  the  powder  form 
(Eastman  Organic  Chemicals,  Rochester,  New  York,  U.S.A.)  and  was  pre¬ 
pared  by  first  adding  a  drop  of  concentrated  sodium  hydroxide  to  the 
solution  and  then  adding  saline  to  volume  at  a  concentration  of  10 
yiAg/ml  (Merck  Index,  1960)  . 

Acetylcholine  solution  was  prepared  from  acetylcholine  bromide 
(Eastman  Organic  Chemicals,  Rochester,  New  York,  U.S.A.)  by  mixing  with 
physiological  saline  to  a  concentration  of  10  mg/ml. 

b)  Anaesthetic: 

The  anaesthetic,  when  required,  was  Nembutal  (Pentobarbital 
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Sodium;  (Abbott  Laboratories  Ltd.,  Montreal,  Quebec),  administered 
intravenously  through  the  jugular  catheter  at  an  approximate  dosage 
of  30  mg/kg  given  over  a  two  to  three  minute  period  until  the 
animal  was  in  a  surgically  anaesthetized  state.  Subsequent  amounts 
(usually  about  2  mg/kg)  were  given  whenever  necessary.  This  addi¬ 
tional  volume  was  infused  at  a  very  slow  rate  (i.e,,  about  1-2  mg/ 
kg/minute)  to  avoid  any  possible  seizure  due  to  sudden  large  amounts 
in  the  brain. 

F .  Statistical  Analysis 

Analysis  of  variance  was  carried  out  on  most  of  the  data 
obtained.  Some  of  this  was  done  with  computer  program  BMD02V  of  the 
Computer  Center  at  the  University  of  Alberta.  An  indication  of 
mean  differences  for  treatments,  times  and  animals  was  determined 
with  "Duncan's  New  Multiple  Range  Test"  (Steele  and  Torrie,  1960). 

The  F. -values  of  0 . 1°L  level  were  determined  from  the  tables  by  Pearson 
and  Hartley  (1962). 

Standard  deviations  for  pooled  data  and  simple  regressions  for 
heart  rates  and  heat  production  were  determined  using  APL  computer 
programs  MVSD  and  REG,  respectively  of  the  Computer  Center  (Smillie, 


1968) . 
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III.  Experiment  1. 

Effects  of  Beta-adrenergic  Blockade  on  the  Heart  Rate  and  Energy 

Expenditure  of  Sheep  During  Feeding  and  During  Acute  Cold  Exposure 

Objective 

Energy,  one  of  the  most  vital  components  of  any  ration,  can  be 
utilized  by  the  animal  in  different  ways  and  for  different  types  of 
production  depending  on  the  requirement  which  has  the  greater  prefer¬ 
ential  need.  Basal  requirements  are  usually  met  before  productive 
requirements;  consequently,  information  which  can  be  used  to  determine 
specific  energy  expenditures  above  maintenance  aid  in  possible  predic¬ 
tion  of  production  under  specific  conditions. 

It  has  been  shown  that  increases  which  occur  in  heat  production 
of  a  sheep  during  eating  and  during  cold  exposure  are  associated  in 
linear  fashion  with  an  increase  in  heart  rate.  Thus,  it  is  a  contention 
to  use  heart  rate  as  an  index  of  metabolic  rate.  Although,  increased 
metabolism  with  cold  exposure  or  eating  result  in  similar  increases  in 
heart  rate,  some  differences  in  controlling  mechanisms  have  been 
suggested.  This  experiment  was  designed  to  study  the  effect  of  the 
sympathetic  control  on  metabolism  and  heart  rate  in  sheep  when  eating 
and  when  under  cold  stress  using  the  beta-adrenergic  blocking  drug, 
propranolol . 

Methods 

Five  adult  Lincoln  sheep  in  the  weight  range  60  to  100  kg  were 
used  as  experimental  animals.  They  were  maintained  on  1.0  kg  of 

4 

alfalf a-brome  hay  per  day.  Heat  production  (kcal/hr)  was  calculated 
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from  respiratory  exchange  of  02  and  C02  .  Heart  rates  were  counted  for 
each  five  minute  period  with  average  heart  rate  values  recorded  for 
each  thirty  minute  period. 

A .  Cold  Exposures 

Six  experiments  were  performed  on  each  of  the  five  sheep.  Cath¬ 
eterization,  when  required,  was  carried  out  immediately  before  the 
animal  was  used  in  the  trial.  In  four  of  the  trials  the  sheep  were 
first  exposed  to  an  air  temperature  of  +4° C  for  one  hour.  Respiratory 
exchange,  heart  rate  and  rectal  temperature  were  recorded  continously. 
Propranolol  was  infused  (i.v.)  after  30  minutes  at  dose  rates  0.25 
(CP^),0.5  (CP2)  and  1.0  mg/kg  body  weight  (CP2)  over  a  period  of  15 
minutes.  No  propranolol  was  infused  in  the  fourth  experiment  which 
served  as  a  control  (C.Con).  At  the  end  of  the  first  hour,  the  sheep 
were  transferred  immediately  to  a  refrigerated  room  maintained  at  a 
temperature  of  -30°C .  Measurements  of  respiratory  exchange,  heart 
rate  and  rectal  temperature  Were  resumed  within  2  minutes  and  continued 
for  a  further  4  hours.  This  delay  'Was  due  to  the  time  required  to  move 
the  animal  from  one  room  to  the  next  room,connect  the  air  line  and  EGG 
terminals  and  to  an  instrument -warming  period  for  the  radio  transmitter. 
Heart  rates  which  were  recorded  continuously  on  a  tape  recorder  during 
some  of  these  trials  while  the  sheep  was  moved  changed  very  little  during 
this  period . 

In  two  of  the  trials,  the  sheep  were  first  exposed  to  an  air 
temperature  of  +20°C  (thermoneutral,  Blaxter,  1962)  for  one  hour  and  then 
transferred  to  a  room  temperature  of  +4°C  and  measurements  continued  for 


. 
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FIGURE  4 


The  sheep  is  in  the  individual  crate  which  is  kept  in  the 
thermoneutral  control  room.  Beside  the  crate  is  the  pump  used 
for  infusing  drugs. 
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a  further  4  hours.  Propranolol  was  infused  as  above  at  a  rate  of  0.5 
mg/kg  in  one  of  these  trials  (TP2>  .  The  other  trial  served  as  a 
control  (T.Con).  Heart  rate  and  energy  expenditure  were  analyzed 
by  analysis  of  variance. 

B  .  Feeding  Trials 

Preliminary  feeding  trials  involved  the  measurements  of  heart 
rate  on  the  5  sheep.  All  recordings  were  taken  outside  of  the  thermo¬ 
neutral  control  room  area  and  the  animals  were  watched  through  a 
window  from  the  outer  room.  Feeding  was  done  in  the  regular  individ¬ 
ual  crates  (Fig.  4)  at  an  ambient  temperature  of  +8°C  after  the 
animals  had  been  fasted  for  two  feeding  periods.  These  sheep  were 
usually  fed  500  gm  of  hay  in  the  morning  at  7:00  A.M.  and  in  the  after¬ 
noon  at  4:00  P.M.  These  trials  were  usually  conducted  in  the  after¬ 
noon  about  20  hours  after  the  previous  feeding.  Catheterization,  when 
required,  was  usually  done  just  before  the  infusion.  Heart  rate  was  recorded 
at  five  minute  intervals,  30  minutes  before  feeding.  In  three  trials, 
a  loading  dose  of  propranolol  was  infused  at  dose  rates  of  0.25,  0.5 
and  1.0  mg/kg  during  the  15  minute  period  immediately  prior  to 
commencing  measurements.  Thereafter,  maintaining  doses  of  0.25,  0.5  and 
1.0  mg/kg  were  infused  during  a  further  period  of  60  minutes.  In  the 
fifth  experiment,  saline  was  infused  at  a  rate  of  0.5  ml/kg  over  15 
minutes,  a  volume  comparable  to  infusion  of  1.0  mg/kg  propranolol- 
saline  solution.  An  untreated  control  trial  was  also  included.  The 
sheep  were  offered  1.0  kg  hay  30  minutes  after  the  loading  dose  of 
propranolol  had  been  given.  One  hour  later  any  uneaten  food  was  removed 
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and  weighed.  Heart  rate  measurements  were  continued  for  a  further  45 
minutes.  An  injection  of  0.1  mg/kg  isoproterenol  was  administered  to 
all  animals  receiving  propranolol  at  the  beginning  and  end  of  the 
experiment  to  test  the  effectiveness  of  beta  adrenergic  blockade. 

The  procedure  for  the  second  set  of  trials  was  similar  except 
that  the  sheep  were  fed  in  the  ventilated  hood  to  permit  determination  of 
energy  expenditure  during  eating.  Duplicate  trials  were  performed  on 
each  sheep  which  included  two  control  and  two  propranolol  infusions 
(0.5  mg/kg) .  Measurements  were  started  30  minutes  before  the  feed  was 
made  available  to  these  animals.  During  the  last  fifteen  minutes  of 
this  period,  propranolol  (when  applicable)  was  infused  over  a  fifteen 
minute  interval  and  then  the  animals  were  fed.  One  hour  later  the 
remaining  feed  was  removed  and  measurements  continued  for  a  further 
hour . 

C .  Time  Effect  of  Propranolol  Blockade 

Trials  were  conducted  to  determine  the  time  interval  for 
effective  beta-adrenergic  blockade  of  propranolol.  Three  Lincoln  sheep 
were  used  which  had  previously  been  trained  in  cold  and  eating  experi¬ 
ments.  The  trials  were  performed  with  these  animals  in  their  individual 
crates  inside  the  control  room.  Heart  rate  was  continously  recorded  on 
the  Sanborn  recorder  and  five  minute  heart  rate  mean  were  calculated. 

An  estimate  of  resting  heart  rate  was  obtained  thirty  minutes  before 
infusion  of  any  drugs  and  then  isoproterenol  (0.2  ^/cg/kg)  was  injected 
via  a  jugular  catheter.  Two  such  isoproterenol  injections,  spaced 
fifteen  minutes  apart,  were  given.  Propranolol  (0.5  mg/kg)  was  given  as 
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a  single  injection  fifteen  minutes  after  the  last  isoproterenol  injec¬ 
tion.  Beta-adrenergic  blockade  was  challenged  every  thirty  minutes 
thereafter  for  six  hours  with  injections  of  isoproterenol. 

Results 

Effects  of  Propranolol  on  Isoprotorenol  Induced  Tachycardia 

The  effects  of  intravenous  infusion  of  propranolol  on  the  tachy¬ 
cardia  resulting  from  intravenous  injection  of  isoproterenol  were 
studied  in  the  sheep  anaesthetized  with  nembutal.  The  mean  heart  rate 
of  the  sheep  increased  by  50  beats/min  as  a  result  of  nembutal  anaes¬ 
thesia.  Propranolol  infusion  at  a  rate  of  0.5  or  1.0  mg/kg  was 
sufficient  to  abolish  the  increase  in  heart  rate  following  injection  of 
isproterenol  at  dose  rates  from  0.05  -  0.3  ytg/kg  (Fig.  5a).  Propranolol 
infusion  at  0.25  mg/kg  effectively  blocked  more  than  907>  of  the  tachy¬ 
cardia  that  resulted  from  injection  of  isoprotorenol  in  the  control 
experiments . 

A  single  dose  of  0.5  mg/kg  propranolol  in  conscious  sheep  blocked 
more  than  907.  of  the  effects  of  repeated  injection  of  0.2  yK-g/kg  iso¬ 
proterenol  for  at  least  2  hours  after  injection  (Fig.  5b).  Further 
injections  of  isoproterenol  at  the  end  of  the  fourth  and  fifth  hours 
after  propranolol  did  produce  an  increase  in  heart  rate  of  between  50- 
90  beats/min.  These  experiments  indicate  that  the  duration  of  effect¬ 
ive  beta-adrenergic  blockade  resulting  from  a  single  dose  of  0.5  mg/kg 
propranolol  to  sheep  was  about  2  hours . 

Effects  of  Cold  Exposure 

Exposure  of  the  untreated  sheep  to  an  air  temperature  of  -30°C 


. 
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The  effect  of  i.v.  propranolol  on  isoproterenol  induced  tachycardia. 

a)  Effect  of  propranolol  at  0.25  (P1>  ,  0.5  (P~)  and  1.0  (P3>  mg/kg  on 
the  increases  induced  in  the  heart  rates  of  anaesthetized  sheep  by 
injection  of  0.05,  0.1,  0.2  and  0.3Ag/kg  isoproternol .  No  injection 
of  0.3  y^g/kg  isoproterenol  w^  made  in  the  control  experiment. 

b)  The  effect  of  0.5  mg/kg  propranolol  on  the  increase  induced  in  the  heart 
rate  of  conscious  sheep  by  0.2  /*g/kg  isoproterenol  at  1  hr  intervals. 
Propranolol  was  infused  after  the  first  injection  of  isoproterenol. 
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(C.Con)  produced  an  increase  of  about  60-70%  in  their  heart  rate  and 
heat  production  (Fig.  6a).  The  mean  heart  rate  of  the  untreated  sheep 
reached  a  maximum  of  130  beats/min,  90  min  after  exposure  to  -30°C, 
falling  slowly  thereafter  to  105  beats/min  after  4  hourg.  Propranolol 
abolished  this  initial  increase  in  heart  rate  at  all  levels  of  infusion. 
However,  in  these  trials  heart  rate  increased  slowly  to  95  beats/min 
by  the  end  of  the  fourth  hour  of  exposure.  When  the  sheep  were  exposed 
to  an  air  temperature  of  +4°C  following  infusion  of  0.5  mg/kg  propranolol 
(TP2) ,  heart  rate  remained  relatively  constant  at  about  70  beats/min 
for  150  min  and  then  rose  sharply  to  over  80  beats/min  although  no  rise 
in  heat  production  was  noted  in  these  experiments.  Heart  rate  fell 
by  about  10  beats/min  during  the  four  hour  exposure  of  the  sheep  to 
+4°C  when  propranolol  was  not  infused. 

The  mean  energy  expenditure  of  the  control  sheep  reached  a  maxi¬ 
mum  value  of  180  kcal/hr  or  an  increase  of  707o  after  about  90  minutes  of 
exposure  to  -30°C  and  declined  thereafter  to  reach  a  steady  state  at 
about  150-160  kcal/hr.  This  maximum  value  obtained  for  heat  production 
during  the  initial  period  appeared,  therefore,  to  be  in  excess  of  the 
heat  production  required  to  meet  the  thermal  demand  of  the  environment 
(Webster,  1966).  The  magnitude  and  time  course  of  the  increase  in 
energy  expenditure  were  very  similar  to  those  of  heart  rate.  No 
significant  differences  existed  between  the  values  obtained  for  the 
energy  expenditure  of  the  sheep  during  exposure  to  -30  C  in  the  control 
experiments  and  following  infusion  of  propranolol  at  0.25  and  0.5  mg/kg. 
Propranolol  infusion  at  1.0  mg/kg,  however,  did  reduce  significantly 
(P  <  0.001)  the  magnitude  of  the  steady  state  values  for  heat  production 
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FIGURE  6a  -  Mean  heart  rates  and  energy  expenditures  of  five  sheep  during 
exposure  to  cool  (+4°C)  and  cold  (-30°C)  environments.  In 
experiments  C.  Con.,  CP]_,  CP2  and  CP3  the  sheep  were  first 
exposed  to  +4°C  for  1  hr  and  then  to  -30°C  for  a  further  4hr . 
In  experiments  CP-,  ,  CP 9  and  CP3  ,  propranolol  was  infused 
at  0.25,  0.5  and  1.0  mg/kg,  respectively.  In  experiments  T. 
CON  and  TP  the  sheep  were  first  exposed  to  +2Q°C  for  1  hr  and 
then  to  +4°C  for  4  hr.  Propranolol  (0.5  mg/kg)  was  infused 
in  experiment  TP2* 
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FIGURE  6b  -  Rectal  temperatures  of  five  sheep  during  the  t-.-  .e  time 
periods  us  Fig.  6a. 
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at-30°C  by  about  147o  and  prevented  the  initial  peak  of  heat  production. 
Exposure  to  an  air  temperature  of  +4°C  did  not  increase  the  heat  pro¬ 
duction  of  the  untreated  sheep,  or  of  the  sheep  which  received  0.5  mg/ 
kg  propranolol.  Clearly,  the  sheep  in  these  trials  were  not  exposed 
to  cold  severe  enough  to  elevate  their  metabolic  rate. 

Mean  rectal  temperature  varied  by  less  than  1°C  in  all  experi¬ 
ments  (  Figure  6b  ).  However,  rectal  temperature  always  increased 
after  propranolol  infusion;  the  increase  being  greatest  when  0.5  mg/kg 
propranolol  was  followed  by  exposure  of  the  sheep  to  +4°C ,  and  least 
when  1.0  mg/kg  propranolol  was  followed  by  exposure  to  -30°C.  Rectal 
temperature  is,  however,  an  unreliable  indicator  of  short  term  changes 
in  deep  body  temperature,  (Bligh^  1966).  It  was  not  possible,  there¬ 
fore,  to  relate  these  changes  in  rectal  temperature  to  the  different 
metabolic  responses  of  the  sheep  to  exposure  to  -30°C. 

Effects  of  Feeding 

The  results  of  the  first  series  of  feeding  experiments,  in  which 
the  sheep  were  fed  in  their  metabolism  cage  ,are  in  Figure  7.  The  heart  rate 
of  the  sheep  in  the  control  experiments  increased  rapidly  at  the  onset 
of  feeding,  reaching  a  peak  of  120  beats/min  after  about  20  minutes, 
then  falling  sharply  after  food  was  removed  to  values  only  slightly 
in  excess  of  those  recorded  before  the  meal.  The  magnitude  of  the 
increase  in  heart  rate  noted  during  feeding  was  similar  to  that  recorded 
by  Young  (1966)  and  Webster  (1966). 

Continous  infusion  of  propranolol  produced  a  slight,  though 
significant  (P  <  0.001)  reduction  in  the  absolute  values  recorded  for 
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FIGURE  7  -  Mean  heart  rates  of  five  sheep  before,  during  and  after  feeding 
in  metabolism  cages.  Pi,  P2  and  P^refer  to  propranolol  infusion 
at  0.25,  0.5  and  1.0  mg/kg,  respectively. 
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heart  rate  during  the  feeding  period.  The  rate  of  cardioacceleration  at 
the  beginning  of  the  meal  and  the  heart  rate  after  the  meal  were  similar 
in  treated  and  untreated  animals.  The  increase  in  heart  rate  recorded 
during  eating  when  propranolol  was  infused  was,  however,  less  than  607. 
of  that  observed  in  the  control  experiments.  As  Fig.  7  indicates,  this 
resulted  largely  from  the  fact  that  heart  rate  before  the  meal  increased 
in  the  experiments  in  which  propranolol  was  infused.  This  point  is 
discussed  further  below.  There  were  no  statistically  significant 
differences  between  the  absolute  values  obtained  for  heart  rate  at  the 
three  levels  of  propranolol  infusion.  Moreover,  administration  of  0.2 
jjl g/kg  isoproterenol  to  the  sheep  at  the  end  of  the  experiments  produced 
no  significant  increase  in  their  heart  rates.  As  far  as  can  be  assessed, 
therefore,  the  effectiveness  of  beta-adrenergic  blockade  with  propranolol 
was  complete  at  all  levels  of  infusion. 

The  results  of  a  typical  control  experiment  in  the  second  series, 
in  which  the  sheep  were  fed  in  a  ventilated  hood  to  permit  measurement 
of  their  respiratory  exchange,  are  illustrated  in  Fig.  8.  The  rate  of 
C>2  consumption  increased  sharply  in  this  experiment  to  reach  a  peak 
within  10  minutes  that  was  about  twice  that  recorded  before  feeding. 
Production  of  C02  increased  at  about  the  same  rate  but  the  peak  was  not 
achieved  until  about  30  min  after  the  start  of  the  meal  by  which  time 
CO2  production  was  more  than  twice  that  recorded  before  the  meal. 
Undoubtedly,  a  considerable  proportion  of  the  CO2  was  belched  from  the 
rumen  during  eating  (Blaxter  and  Joyce,  1963).  However,  the  magnitude 
and  rate  of  cardioacceleration  that  occured  during  the  meal  were  related 
much  more  closely  to  CO2  production  than  to  O2  consumption.  It  is 
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reasonable  to  assume  that  the  increase  in  heart  rate  was  a  direct  result 
of  an  increase  in  arterial  CO2  tension  resulting  mainly  from  increased 
tissue  metabolism  but  in  part  from  absorption  into  the  vascular  system 
of  CO2  produced  in  the  rumen. 

The  mean  values  obtained  for  heat  production  and  heart  rate 
during  eating  in  the  second  series  of  experiments  are  summarized  in 
Table  1.  The  heat  production  of  the  control  sheep  increased  by  60-707, 
while  they  were  eating.  Infusion  of  0.5  mg/kg  propranolol  did  not 
significantly  affect  the  magnitude  of  this  increase.  Heat  production 
after  the  meal,  however,  was  slightly  greater  (P  ^  0.001)  in  the 
treated  animals.  Propranolol  infusion  in  these  experiments  blocked 
about  45%  of  the  increase  in  heart  rate  recorded  during  the  meal  but 
only  reduced  the  absolute  values  recorded  for  heart  rate  during  eating 
by  about  157>. 

Heart  rate  during  eating  in  the  treated  and  untreated  animals 
were  similar  in  both  series  of  feeding  trials  although  heart  rate 
after  the  meal  persisted  at  values  well  in  excess  of  those  recorded 
before  the  meal  in  the  experiments  carried  out  in  the  ventilated  hood. 
However,  the  CO2  content  of  sampled  air  leaving  the  hood  rose  at  times 
to  27o  during  the  course  of  the  meal.  This  must  have  affected  the  normal 
cardioaccelerator  response  of  the  sheep  to  increased  CO2  production 
from  tissue  metabolism.  The  results  of  the  first  series  of  experiments, 
carried  out  in  metabolism  cages  are,  therefore,  more  likely  to  be  truly 
representative  of  the  normal  changes  that  occur  in  the  heart  rate  of 
sheep  in  association  with  eating. 


Heart  Rate  (beats/min)  °/0  09  in  sample 
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FIGURE  8  -  Individual  record  of  the  O2  consumption,  CO2  production  and  heart 
rate  of  sheep  Grumpy  during  a  feeding  experiment  in  which  no 
infusion  was  administered. 
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TABLE  1.  Mean  Values  for  Heart  Rate  and  Heat  Production  of  Five 
Sheep  During  30  min  Periods  Before,  During  and  After 
Eating 


Before 

During 

feeding 

After 

feeding 

feeding 

1 

2 

1 

2 

Heart 

Control 

57.3 

91.4 

118.0 

95.1 

82.3 

rate 

Propranolol 

60.3 

81.0 

96.0 

90.8 

84.7 

(beats/ 

Sx* 

- - --3 . 68 — — 

min) 

P 

N.S  . 

0.05 

0.01 

N.S  . 

N.S  . 

Heat 

produo 

tion 
( kc  a  1  / 
hr) 


Control 

Propranolol 
3  k* 

P 


94.0  157.1  167.1  113.4  122.7 

104.°  169.2  175.0  133.4  129.8 

- ______ -__.___5.55__. _________ 

N.S.  N.S.  N.S.  0.05  N.S. 


Error  mean  square/no.  of  replicates  in  each  mean. 
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Effect  of  Propranolol  on  Resting  Heart  Rate 

The  mean  heart  rate  of  the  sheep  following  propranolol  infusion 
was  greater  than  that  recorded  in  the  control  experiments  during  the 
intial  period  before  the  stimuli  of  cold  or  feeding  were  applied.  While 
the  sheep  undoubtedly  were  handled  to  a  greater  extent  immediately 
prior  to  the  experiments  in  which  propranolol  was  infused,  it  is  unlikely 
that  this  was  the  sole  cause  of  the  increase  in  heart  rate.  Infusions 
of  saline,  carried  out  in  an  identical  fashion  to  the  propranolol  infu¬ 
sions,  did  not  significantly  alter  heart  rate  from  the  values  obtained 
in  the  control  experiments  in  which  no  infusions  were  given  (Table  1) . 
Moreover,  heart  rate  increased  steadily  during  the  four  hour  exposure 
of  the  sheep  to  a  thermoneutral  environment  following  infusion  of  0.5  mg 
mg/kg  propranolol  (Fig.  6).  When  no  infusion  was  given  heart  rate  fell 
slightly.  It  appears,  therefore,  that  the  resting  heart  rate  of  the 
sheep  in  these  experiments  increased  slightly  as  a  direct  result  of 
propranolol  infusion.  This  contrasts  with  results  for  dogs  (Cronin, 

1967)  and  man  (Epstein  et_  a_L .  ,  1965)  in  which  resting  heart  rate  fell 
after  propranolol  infusion. 

Discussion 

The  increase  that  occurs  in  the  heart  rate  and  heat  production 
of  sheep  during  cold  exposure  and  during  eating  has  been  attributed  to 
the  increased  amount  of  energy  expended  in  shivering,  and  in  ingesting 
food,  respectively  (Blaxter,  1967).  If  both  of  these  are  considered 
primarily  as  muscular  activities,  then  it  would  be  reasonable  to  expect 
that  the  effects  of  beta-adrenergic  blockade  would  be  similar  in  the 
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two  situations.  The  results  of  the  experiments  reveal,  however,  that 
considerable  differences  existed  between  the  effects  of  beta-adren¬ 
ergic  blockade  on  the  heart  rate  and  heat  production  of  sheep  during 
feeding  and  during  cold  exposure. 

Cronin  (1967)  reported  that  propranolol  blocked  about  507>  of 
the  absolute  increase  that  occurred  in  the  heart  rate  of  dogs  during 
exercise  on  a  treadmill.  The  rate  of  cardioaccelerat ion  in  response 
to  sudden  exercise  was,  however,  very  rapid  in  both  cases;  achieving 
907o  of  the  steady  state  response  in  less  than  10  seconds.  In  the 
present  experiment,  the  rate  of  cardioaccelerat ion  of  normal  sheep  in 
response  to  a  sudden  cold  stimulus  closely  followed  the  rate  of  increase 
of  their  heat  production  so  chat  within  100  minutes  of  cold  exposure 
heart  rate  was  over  130  beats/min.  The  rate  of  cardioacceleration 
following  propranolol  infusion  was  very  much  reduced,  so  that  after 
100  min  of  cold  exposure  heart  rate  was  only  84  beats/min.  Moreover, 
some  of  the  increase  that  occurred  in  heart  rate  during  the  third 
and  fourth  hours  of  cold  exposure  would  appear  to  have  been  due  in 
part  to  a  wearing  off  of  beta  blockade.  The  increase  that  occurred 

in  the  heart  rate  of  sheep  during  the  third  and  fourth  hours  of 
exposure  to  a  thermoneutral  environment  after  propranolol  infusion 
lends  support  to  this  conclusion.  Beta-adrenergic  blockade,  then, 
completely  abolished  the  initial  cardioacceleration  exhibited  by  sheep 
on  exposure  to  cold  although  their  metabolic  rate  was  increased  by 
about  807>. 

The  effect  of  feeding  was  to  produce  an  increase  in  metabolic 
rate  of  comparable  magnitude,  which  was  not  affected  by  propranolol 
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infusion.  In  these  experiments,  propranolol  infusion  had  no  effect  on 
the  initial  rate  of  cardioacceleration  at  the  beginning  of  the  meal  and 
only  reduced  mean  heart  rate  during  feeding  from  105  to  93  beats/min. 

The  reduction  in  heart  rate  was  the  same  at  all  levels  of  propranolol 
infusion.  This  strongly  suggests  that  the  degree  of  beta-adrenergic 
blockade  was  complete  in  all  cases.  Clearly,  therefore,  a  considerable 
degree  of  cardiac  adaptation  to  the  increased  energy  expenditure  noted 
during  feeding  in  the  sheep  can  occur  in  the  absence  of  sympathetic 
induced  cardioacceleration. 

This  suggests  that  the  stimulus  to  cardioacceleration  during 
eating,  but  not  during  acute  cold  exposure,  in  the  sheep,  is  comparable 
to  the  stimulus  noted  during  running  exercise  in  dogs  (Cronin,  1967) 
and  man  (Epstein  et  al. ,  1965;  Gumming  and  Carr,  1966),  which  appears 
to  be  to  a  considerable  extent  independent  of  the  sympathetic  nervous 
system.  Donald  and  Samueloff  (1966)  in  an  elegant  series  of  experiments 
showed  that  the  denervated  heart  of  the  dog  still  increased  in  rate  in 
response  to  exercise  after  blockade  of  blood  borne  sympathetic  trans¬ 
mitter  substances.  They  concluded  that,  there  was  an  intrinsic  mechanism 
in  the  dog's  heart  that  brought  about  cardioacceleration  in  proportion 
to  the  amount  of  work  performed.  The  present  results  suggest  that  a 
similar  mechanism  may  exist  in  the  sheep. 

Propranolol  infusion  at  a  rate  of  1.0  mg/kg  significantly 
reduced  the  magnitude  of  the  increase  in  energy  expenditure  that  occurred 
in  response  to  cold,  particularly  the  initial  rise  in  heat  production 
that  appeared  to  overshoot  the  thermal  demand  of  the  environment.  Heim 
and  Hull  (1966)  reported  that  they  were  able  to  abolish  the  calorigenic 
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response  to  cold  in  new  born  rabbits  with  propranolol  at  a  dose  rate 
of  5  mg/kgs  although  1  mg/kg  propranolol  had  no  effect.  They  concluded 
that  the  increased  calor igenes is  in  new  born  rabbits  exposed  to  cold 
occurred  primarily  in  brown  adipose  tissue,  and  could  be  blocked  by 
large  doses  of  propranolol.  The  metabolic  body  size  (weight  kg®'^) 
of  a  50  kg  sheep  is  about  200  times  greater  than  that  of  a  50  g  new  born 
rabbit.  The  absolute  dose  of  propranolol  administered  to  a  50  kg  sheep 
at  a  rate  of  1  mg/kg  is  exactly  200  times  that  administered  to  a  50  g 
rabbit  at  a  dose  rate  of  5  mg/kg.  The  maximum  dose  of  propranolol 
administered  to  the  sheep  in  these  experiments  was  thus  comparable  to 
that  administered  to  new  born  rabbits  by  Heim  and  Hull.  It  is  reason¬ 
able  to  conclude,  therefore,  that  most  of  the  increase  in  heart  rate 
that  occurs  when  sheep  are  exposed  to  cold,  and  some  of  the  increase 
in  energy  expenditure,  in  particular  the  early  metabolic  overshoot, 
are  initiated  and  mediated  via  the  sympathetic  system.  The  fact  that 
the  mechanism  is  sensitive  to  beta-adrenergic  blockade  suggests  that 
it  is  not  entirely  dependent  on  the  increased  muscular  activity  of 
shivering.  However,  the  exact  sites  and  mechanisms  of  increased 
calorigenesis  in  the  sheep  in  response  to  cold  remain  obscure. 

The  fact  that  the  increased,  energy  expenditure  of  the  sheep 
during  feeding  was  not  affected  by  propranolol  at  apy  concentration 
strongly  suggests  that  none  of  this  increase  can  be  attributed  to 
sympathetic  activity.  This  increase  can  be  considered  therefore,  as 
an  inevitable  consequence  of  the  work  involved  in  the  exercise  of 
eating  and  not  due  to  any  excitement  that  the  sheep  might  have 
experienced  when  receiving  meals  at  regular  hours  in  their  metabolism 
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TABLE  2.  Estimates  of  the  Energy  Cost  of  Different  Activities 
for  Sheep 


Activity 

Energy  cost  of  activity 
cal/kg  body  weight  per  min 

Source  of  data 

Standing 

1.96 

(1.55-2.38) 

Webster  and  Valks 
(1966) 

Eating  forage  1. 

9.0 

(4.0-16.3) 

Graham  (1964) 

2  . 

22+ 

(22-23) 

Webster  (1966a) 

3  . 

13.8 

(11.7-15.5) 

Present  experiments 

Ruminat ing 

4.0 

(1.3-8. 7) 

Graham  (1964) 

Walking  at  1.8  mph 

33 

(+4 . 8) 

Clapperton  (1964) 

Estimated  from  continuous  measurement  of  heart  rate  during  exposure  to 
cold  environments. 
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cages . 

The  act  of  eating  forages,  then,  inevitably  induces  a  consid¬ 
erable  increase  in  the  energy  expenditure  of  sheep  that  does  not 
persist  into  the  post  prandial  period  and  is,  therefore,  not  associated 
with  the  processes  of  digestion  and  metabolism  of  the  ingesta;  functions 
which  are  generally  considered  to  constitute  the  heat  increment  of 
feeding  (Blaxter,  1967).  The  true  energy  cost  of  eating  was  calculated 
from  the  present  experiments  to  be  13.8  cal/kg  body  weight  per  min  spent 
eating  (Table  2) .  Previous  estimates  of  the  energy  cost  of  different 
activit.es  for  sheep  are  also  shown  in  Table  2. 

It  is  clear  from  this  table  that  the  energy  cost  to  sheep  of 
eating  forages  is  very  considerable,  about  six  times  greater  than  the 
energy  cost  of  standing  (Webster  and  Valks,  1966)  and  almost  half  as 
great  as  the  energy  cost  of  walking  at  a  normal  pace  of  just  less  than 
2  mph  (Clapperton,  1964) .  The  energy  cost  of  eating  forages  is  also 
about  three  times  greater  than  that  of  rumination  (Graham,  1964) 
which  can  be  considered  to  be  a  comparable  activity  involving  chewing 
and  ensalivation  of  food  material.  Table  3  represents  a  comparison  of 
heart  rate  and  rumen  and  reticular  motility  before,  during  and  after 
eating  in  one  sheep.  Gut  motility  was  measured  with  pressure  trans¬ 
ducers  through  a  rumen  fistula.  Upon  eating  rumen  motility  increased 
three  fold  and  reticular  motility  increased  two  fold.  Heart  rate 
increased  20  beats/min.  Although  similar  movement  would  be  expected 
during  rumination,  a  large  amount  of  this  increased  metabolic  require¬ 
ment  of  eating  in  sheep  may  be  due  partly  to  this  increased  gut  move¬ 
ment.  Further  study  is  required  to  explain  this  phenomenon.  The 
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TABLE  3.  Reticulum-Rumen  Motility  and  Heart  Rate  during  Eating 


T  ime 
(min) 

Heart  rate 
beats/min 

Rumen 

motility* 

Reticular 

motility* 

Prefeeding 

15 

62 

10 

7 

30 

54 

8 

8 

45 

54 

9 

6 

60 

53 

11 

8 

Feeding 

15 

80 

33 

20 

30 

72 

32 

23 

Post  feeding 

15 

56 

14 

11 

30 

52 

14 

9 

45 

56 

10 

10 

Contract ions /min . 

A  comparison  of  heart  rate  and  rumen  and  rumen-reticular  motility  before, 
during  and  after  eating. 
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practical  implications  of  the  high  energy  cost  of  feeding  are,  however, 
quite  clear.  A  sheep  at  pasture,  which  may  have  to  graze  ten  hours 
a  day  to  achieve  sufficient  food  intake  for  maintenance  and  production 
(Arnold,  1962)  may  expend  up  to  300  kcal  a  day  to  elevate  its  metabolic 
rate  by  about  20%  simply  as  a  result  of  the  act  of  grazing.  This  does 
not  include  the  energy  cost  of  standing  to  graze  and  walking  to  graze. 

In  1965  the  A.R.C.  committee  on  the  nutrient  requirements  of 
ruminants  (A.R.C. ,  1965)  concluded  that  the  energy  cost  of  grazing  was 
small  enough  to  be  neglected  when  calculating  the  energy  requirements 
of  cattle  and  sheep.  The  present  experiments  clearly  indicate  that  this 
conclusion  invites  reconsideration. 

Summary 

1.  Resting  heart  race  in  sheep  increased  following  propranolol 
blockade  by  about  20  beats/min.  This  contrasts  with  a  drop  in  heart 
rate  recorded  in  man  and  dogs  after  treatment  with  propranolol. 

2.  Feeding  tachycardia  in  sheep  is  not  effectively  inhibited 
by  beta-adrenergic  blockade. 

3.  Propranolol  infusion  at  levels  of  0.25,  0.5  and  1.0  mg/kg 
effectively  blocked  beta-adrenergic  receptors  of  the  heart  in  sheep  for 
a  period  of  at  least  two  hours. 

4.  Increased  metabolic  response  due  to  cold  exposure  was  blocked 
only  with  doses  of  propranolol  of  1.0  mg/kg.  Other  concentrations  used 
(0.25  and  0.5  mg/kg)  were  not  effective  in  controlling  energy  metabolism. 
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IV .  Experiment  2 

The  Effects  of  Beta-adrenergic  Blockade  in  Sheep  at  Summit  Metabolism 
Objective 

It  was  shown  in  the  previous  experiment  that  beta-adrenergic 
blockade  with  propranolol  (1.0  mg/kg)  would  block  the  "metabolic 
overshoot"  demonstrated  by  untreated  sheep  when  subjected  to  a  sudden 
cold  exposure.  The  present  trials  were  designed  to  determine  the 
effect  of  beta-adrenergic  blockade  in  sheep  which  were  subjected  to 
cold  to  provide  maximal  or  near  maximal  stress. 

Methods 

This  experiment  involved  twelve  Suffolk  sheep,  divided  into 
three  groups  of  four  animals  which  had  experienced  different  environ¬ 
mental  conditions  throughout  the  preceeding  winter  from  October  to 
May.  The  control  animals  were  kept  in  a  thermostatically  controlled 
room  at  +8C°.  The  outdoor  sheep  were  kept  outside  throughout  this 
period  in  an  open  lot  with  no  overhead  shelter  but  with  some  wind 
shelter  from  the  north  provided  by  the  laboratory  building.  The 
indoor  sheep  were  kept  at  a  temperature  calculated  to  provide  an 
equivalent  degree  of  cold  stress  to  that  experienced  by  the  outdoor 
group.  This  effective  air  temperature  was  calculated  from  average 
air  temperature,  windspeed  and  solar  radiation  for  a  week  long 
interval.  The  indoor  sheep  were  exposed  to  this  during  the  following 
week.  The  animals  were  maintained  on  alfalfa-brome  hay  through¬ 
out  the  experimental  time.  The  main  part  of  this  work  has  been 


reported  briefly  elsewhere  (Webster  and  Hicks,  1968b). 
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The  sheep  were  sheared  in  late  April  and  this  experiment  ran 
from  this  time  until  the  third  week  in  May.  The  experiment  included 
a  control  (drug-free)  and  a  propranolol  (1.0  mg/kg,  i.v.)  infusion 
for  each  animal.  Propranolol  was  infused  prior  to  the  onset  of  cold 
exposure.  The  sheep  were  exposed  to  a  nominal  air  temperature  of 
-30C°for  three  hours. 

Measurements  of  heart  rate  and  rectal  and  skin  temperatures 
could  be  started  two  minutes  after  entry  into  the  cold.  Heart  rates 
(Section  II)  were  determined  every  five  minutes  and  mean  values  for 
every  thirty  minutes  were  analyzed.  Skin  temperatures  were  determined 
by  placing  surface  thermocouples  at  designated  locations  on  the  sheep 
which  included  the  shoulder ,  rib  and  flank  areas  on  both  sides,  on 
an  ear  and  the  front  and  hind  feet  (on  the  hock)  (Fig.  9)«  The 
required  areas  of  the  skin  were  shaved  and  thermocouple  ends  were 
fastened  to  circular  patches  of  black  polyethylene  sheeting  about 
10  mm.  in  diameter  with  surgical  tape  and  paper  glue.  A  twelve 
channel  temperature  recorder  plotted  the  temperatures  and  an  estim¬ 
ate  of  mean  skin  temperature  was  calculated  with  weighted  values  of 
107o  for  the  extremities  (legs  and  ears)  and  907o  for  the  trunk  (Blaxter 
e t  al . ,  1959) . 

Rectal  temperatures  were  also  measured  using  a  thermocouple 
probe  and  plotted  continuously  on  the  recorder. 

Heat  production  was  calculated  as: 

Hp  =  02  x  4.68  kcal/hr  (Blaxter  and  Joyce,  1963) 

Comparisons  of  mean  temperature  differentials  (TR-  Tg)  were 
calculated  where  TR  is  the  rectal  temperature  (°C)  and  Tg  is  the 
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Attachment  of  thermocouples  for  skin  temperature  measurements. 
The  position  of  the  three  thermocouples  on' the  shoulder,  rib 
and  flank  were  duplicated  on  the  right  side  as  well. 
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mean  skin  temperature  (°C) . 

Tissue  insulation  was  measured  as: 

tt  **  tr  '  Ts 

Hp 

Hp  ....  Mcals/m^.24  hr, 

Iij  ....  °C.m^.24  hr /Meal 

Evaporative  heat  loss  could  not  be  measured  in  this  experiment,  but 
previous  experiments  (Joyce  and  Blaxter,  1964),  have  shown  that 
evaporative  heat  loss  from  sheep  in  cold  conditions  to  be  0.25  to  0,30 

n 

Meal /nr  ,24  hr,  External  insulation  for  the  present  experiment  was 
calculated  ass 

xe  s 

ttp"-  6130 

T^  ....  mean  air  temperature. 

Rasul ts 

Control  experiments 

Table  4  shows  the  mean  results  obtained  for  rectal,  skin  and 
air  temperatures,  rectal-skin  temperature  differential,  metabolic 
rate  and  heart  rate  during  acute  cold  exposure  (-30°C)  .  Mean  air 
temperature  for  all  trials  did  not  vary  more  than  2 . 5°C .  No  signifi¬ 
cant  difference  was  evident  between  mean  rectal  temperatures  in  the 
non-propranolol  (drug-free)  trials.  After  the  sheep  has  been  moved 
to  the  cold  temperature  (-30°C)  rectal  temperatures  increased  over 
the  first  thirty  to  sixty  minutes  to  values  not  more  than  0 . 5°C 
above  the  pre-exposure  level  and  then  began  to  decrease  steadily  to 
values  not  more  than  1°C  below  pre-exposure  levels  (Fig.  10  ).  The 
rectal  temperature  of  the  drug-free  controls  increased  from  39.2  to 
a  maximum  of  39 . 7°C  during  the  first  hour  of  exposure  and  then  began 
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TABLE  4a.  Acute  Cold 

Stress 

Mean( 1) 

Mean ( 2) 

Mean( 3) 

Mean(4) 

Mean(5) 

Tr°C 

TS°C 

TR-TS  CO 

ta°c 

H .  R .  * 

Without 

Control 

39.4 

13.5 

25.9 

-27.1 

192 

Propranolol 

Outdoor 

39.4 

13.0 

26.4 

-28.7 

150 

Indoor 

39.3 

10.6 

28.7 

-28.5 

214 

Propranolol 

Control 

39.5 

12.8 

26.7 

-27.1 

118 

Outdoor 

39.6 

14.0 

25.6 

-28.8 

98 

Indoor 

40.0 

12.8 

27.2 

-26.7 

112 

TABLE  4b. 


HEAT  PRODUCTION  (6) 


Meal /m2 . 24hr 

Kcal /kgO • 2  ^ . 24 

hr  Irp** 

V 

W ithout 

Control 

5.071 

313 

5.2 

8.6 

Propranolol 

Outdoor 

3.500 

219 

7.5 

13.0 

Indoor 

6.148 

392 

4.7 

6.7 

Propranolol 

Control 

4.628 

293 

5.8 

9.3 

Outdoor 

3.528 

222 

7.3 

13.4 

Indoor 

5.377 

347 

5.1 

7.9 

For  significance  see  the  following 

(1)  Appendix  11,  (2)  Appendix  12  (3)  Appendix  13 

(4)  Appendix  14,  (5)  Appendix  9  (6)  Appendix  10 

*  Heart  Rate  beats/min 

**  °C.  m2.  24  hr /Meal. 
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FIGURE  10  -  Rectal  temperatures  of  control,  indoor  and  outdoor  grou- 
a)  Without  and  b)  With  Propranolol. 
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to  decrease  steadily  to  38.2°C  by  the  end  of  the  hour  of  exposure 
(Fig.  10a).  Similar  patterns  of  rectal  temperature  response  were 
followed  by  the  drug-free  outdoor  sheep  which  increased  rectal 
temperature  from  39.7°C  to  40.2°C  over  the  first  thirty  minutes 
and  then  showed  a  decrease  to  38.7°C  three  hours  after  initial  cold 
stress.  The  decreasing  rates  of  rectal  temperature  were  0.50°C/hr 
and  0.55°C/hr  for  the  control  and  outdoor  sheep  respectively.  Rectal 
temperature  increased  only  0.3°C  during  the  first  thirty  minutes  of 
exposure  for  the  drug-free  inside  sheep  and  then  decreased  at  a  rate 
of  0.2°C/hr  for  the  remaining  two  and  one  half  hours  of  exposure. 

Mean  skin  temperature  for  the  entire  cold  exposure  period 
was  13.5,  13.0  and  10.6°C  for  the  control,  outdoor  and  indoor  groups, 
respectively  (Table  4).  Mean  skin  temperature  has  been  suggested  as 
an  index  for  the  degree  of  cold  stress  in  sheep  (Webster,  1966).  It 
is  reasonable  to  assume  that  the  indoor  group  was  losing  slightly 
more  heat  to  the  cold  environments  than  the  other  two  groups.  Mean 
skin  temperature  differentials  (Tp.-Tg)  were  greatest  for  the  indoor 
sheep  at  values  of  28.7°C  compared  to  25.9  and  26.4°C  for  the  control 
and  outdoor  sheep,  respectively. 

Mean  heat  production  of  the  drug-free  sheep  during  the  exposure 
period  was  392  kcal/kg  weight  kg^’^^/24  hr  for  the  indoor  sheep,  313 
kcal /kg*-*  “  ^ 5/24  hr  for  the  control  sheep  and  219  kcal/kg^ ° 75/24.  hr  for 
the  outdoor  sheep  (Table  5)  .  The  indoor  sheep  had  metabolic  values  as 
high  as  433  units  after  two  hours  of  exposure  but  this  was  not  maintained 
and  decreased  to  418  units  in  the  last  thirty  minutes  of  exposure. 

Fasting  metabolic  rate  has  been  estimated  at  55  kcal/kgw” '  ,/24  hr  for 
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TABLE  5  -  Mean  Metabolic  Rate  of  Sheep  Subjected  to  Severe  Acute  Cold  Stress  (-30°C) 
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adult  sheep  (Blaxter,  1962).  The  values  from  the  present  experiment 
are  as  high  as  eight  times  this  estimated  fasting  rate.  Alexander 
(1962)  reported  that  the  "summit  metabolism"  of  new  born  lambs  from 
2  to  5  kg  weight  was  five  times  the  basal  level  of  energy  metabolism. 
Maximum  energy  expenditures  in  the  present  experiment  have  considerably 
exceeded  this  level  of  metabolism.  Mean  skin  temperature  of  the 
outdoor  sheep  suggest  that  the  intensity  of  cold  stress  was  similar 
to  that  experienced  by  the  control  sheep.  Metabolic  expenditure  for 
the  outdoor  sheep,  however,  was  only  70%  that  of  the  control  sheep. 

This  lesser  metabolic  response  was,  in  part  due  to  the  fact  that 
the  outdoor  group  had  the  greatest  external  insulation  (Table  4). 
However,  skin  temperature  measurements  indicate  that  the  outdoor  group 
were  subjected  to  a  peripheral  cold  stress  of  comparable  intensity 
to  that  experienced  by  the  other  groups.  Consequently,  some  other 
compensatory  mechanism  must  have  been  involved  to  maintain  metabolism 
of  the  outdoor  sheep  at  this  lower  level.  Some  indication  of  this  is 
provided  by  the  results  obtained  for  tissue  insulation  in  the  three 
groups . 

Tissue  insulation  values  of  5.2  and  4.7  units  for  the  control 
and  inside  sheep,  respectively  were  determined.  These  values  were 
consistent  with  those  found  during  the  preceeding  winter  for  these 
sheep  (Webster  and  Hicks,  1968b),  and  close  to  the  mean  value  of  5.66 
reported  by  Webster  and  Blaxter  (1966)  .  The  outdoor  sheep  indicated 
tissue  insulation  values  of  7.5  units.  This  was  far  above  any  normal 


values  reported. 
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Effect  of  Propranolol 

The  mean  effects  of  propranolol  on  the  body  temperatures  and 
heat  production  of  sheep  during  acute  cold  stress  are  also  shown  in 
Table  4.  The  rectal  temperatures  of  the  control  and  outdoor  sheep 
did  not  change  significantly  from  the  drug-free  trials.  The  indoor 
sheep,  however,  demonstrated  an  increase  of  0.7°C  on  rectal  tern-  . 
perature  above  the  former  non-propranolol  trials.  The. fall  in  mean 
rectal  temperature  after  the  maximal  level  had  been  reached  was 
comparable  for  all  groups  (0.45C°/hr  for  the  control  and  outdoor 
sheep  and  0.6C°/hr  for  the  indoor  sheep,  Fig.  10).  Comparison  of 
these  results  with  the  drug-free  experiments  reveals  that  the  effect 
of  propranolol  on  rectal  temperature  change  during  cold  exposure  was 
greatest  with  the  indoor  group. 

Difference  in  skin  temperature  between  drug- free  and  prop¬ 
ranolol  treatments  were  inconsistent.  Skin  temperature  in  the  outdoor 
and  indoor  groups  was  higher  and  in  the  control  group  it  was  lower 
when  propranolol  was  administered  (Table  4) . 

Energy  expenditure  for  the  control  and  the  indoor  sheep  was 
significantly  less  (P  40.01)  than  in  the  drug-free  trials.  There  was 
no  significant  difference  in  energy  expenditure  for  the  outdoor 
sheep  after  propranolol  blockade. 

Tissue  insulation  values  with  propranolol  were  greater  than 
drug-free  trials  for  the  control  and  indoor  sheep.  Insulation  of  the 
tissues  can  change  with  the  amount  of  superficial  blood  flow  in  super¬ 
ficial  tissues  and  the  amount  of  shivering.  If  either  one  or  both  of 
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these  decreased,  the  insulation  should  be  greater. 

Heart  rate  during  cold  exposure  was  very  much  lower  than  in 
the  drug-free  sheep.  However  values  were  still  Maintained  at  a 
higher  level  than  at  rest.  The  cdntrol  and  indoor  sheep'  demonstfabed 
mean  values  of  118  arid  112  beats  /  min  respectively,  while  the 
outdoor  sheep  had  a  mean  rate  of  98  beats  /  min. 

External  insulation  for  all  sheep  was  greater  during  prop¬ 
ranolol  infusion  compared  to  the  trials.  In  all  cases,  the  drug- 
free  trials  were  carried  out  before  the  propranolol  treatments. 
Consequently  the  fleece  had  approximately  a  one  week  growing  period. 
During  the  winter,  fleece  depth  of  the  sheep  increased  approximately 
one  mm.  per  week  (  Webster  and  Hicks,  1968b).  Although  the  increase 
in  fleece  was  slight,  the  present  data  indicated  increase  in  external 
insulation.  External  insulation  is,  however,  a  value  which  can 
change  with  physical  qualities  such  as  dampness  and  effect  of  wind. 

The  effect  of  the  increased  insulation  on  metabolic  expenditure  in 
acute  cold  (-30°C)  would  have  been  very  small. 

Discussion 

Summit  metabolism  is  the  highest  metabolic  rate  attainable  at 
normal  body  temperature  without  voluntary  muscular  activity  (Alexander^ 
1962) .  The  ability  to  maintain  normal  body  temperatures  under  stress¬ 
ful  conditions  can  depend  on  the  animal's  environmental  past  history 
(Hsieh  et  al.,  1966).  All  of  the  sheep  in  this  attained  exceedingly 
high  levels  of  metabolic  rate  in  an  air  temperature  of  -30°C. 


Alexander  stated  that  summit  metabolism  for  newly  born  lambs 
was  five  times  that  of  the  "basal"  levels.  The  present  results  show 
that  the  indoor  sheep  achieved  a  metabolic  level  at  least  eight  times 
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the  estimated  fasting  level.  Webster  and  Hicks  (1968b)  described  an 
increased  resting  metabolic  rate  in. these  sheep  during  adaptation  to 
their  environment.  Consequently,  basal  level  of  metabolism  should  have 
also  been  greater  than  the  estimated  fasting  level.  Although  these 
increases  in  metabolic  rate  for  the  indoor  sheep  are  high,  incremental 
increases  would  not  then  be  as  great  as  suggested.  Metabolic  responses 
of  the  control  sheep  to  the  cold  were  five  times  greater  than  the  est¬ 
imated  fasting  level.  These  sheep  had  attained  relative  metabolic 
levels  similar  to  that  reported  by  Alexander  (1962). 

The  outdoor  sheep  attained  metabolic  rates  which  were  four 
times  greater  than  the  estimated  fasting  levels.  However,  these  sheep 
also  had  shown  adaptations  during  the  previous  winter  resulting  in 
higher  resting  metabolic  rates  (Webster  and  Hicks,  1966b).  Incre¬ 
mental  increases  in  heat  production  would,  as  with  the  indoor  sheep, 
appear  to  be  less  than  that  predicted  from  estimated  fasting  values. 

Results  of  skin  temperature  indicate  that  all  of  these  sheep 
were  affected  similarly  by  the  cold  stress.  However,  the  mean  skin 
temperature  for  the  indoor  sheep  was  2.5°C  less  than  the  other  sheep 
and  the  temperature  differential  (T^  -  Tg)  was  greater  for  these  indoor 
animals  (Table  4) .  Thus  it  appears  that  these  indoor  sheep  combated 
the  cold  stress  by  increasing  heat  production  rather  than  decreasing 
avenues  of  heat  loss.  Although  rectal  temperature  had  increased  and 
then  decreased  in  the  indoor  sheep,  the  absolute  level  after  three 
hours  of  cold  exposure  was  only  0 . 2°C  lower  than  the  pre-exposure 
temperature.  Summit  metabolism  had  not  then  been  achieved  by  the 

indoor  sheep. 

The  rate  of  decrease  of  rectal  temperature  for  the  outdoor 
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sheep  was  similar  to  that  of  the  control  sheep.  This  would  tend  to 
indicate,  according  to  Alexander's  definition,  that  summit  metabolism 
had  been  reached  in  these  animals.  However,  heat  production  for  these 
outdoor  sheep  was  at  a  level  only  70%  that  of  the  control  sheep. 

It  appears  most  unlikely  that  these  sheep  were,  in  fact, 
producing  heat  to  their  maximum  capacity.  Evidence  of  their  metabolic 
acclimatization  to  previous  winter  exposure  (Webster  and  Hicks,  1968b) 
and  subjective  impressions  formed  on  the  behavior  of  the  sheep  in  the 
cold  room,  both  suggested  that  these  animals  were  under  less  stress 
at  -30°C  than  the  sheep  in  the  other  groups.  One  might  postulate  that 
acclimatization  of  the  outdoor  sheep  during  the  previous  winter  had 
conditioned  them  to  display  a  smaller  metabolic  response  to  a  given 
intensity  of  peripheral  and  central  cold  stress  and  thus  tolerate  some 
degree  of  heterothetmia.  The  advantages  of  this  in  regard  to  energy 
conservation  in  a  fluctuating  cold  environment  are  obvious. 

The  effect  of  shearing  appeared  to  increase  the  tissue 
insulation  of  the  outdoor  sheep.  It  was  reported  (Wodzicka,  1958) 
that  shearing  affected  the  thickness  of  the  skin  considerably.  Four¬ 
teen  days  after  shearing,  skin  thickness  had  increased  an  average 
of  28.5%  compared  to  thickness  before  shearing.  The  outdoor  sheep 
used  in  the  present  study  had  been  sheared  about  ten  days  before  the 
exposure  trials  were  carried  out.  Nonetheless,  the  control  animals 
had  been  sheared  about  fourteen  days  before  being  subjected  to  the 
extreme  cold  without  great  change  in  tissue  insulation.  Some  other 
explanation  of  the  high  tissue  insulation  in  the  outdoor  sheep  must 
be  sought.  Increased  tissue  insulation  could  be  brought  about  by  an 
exchange  of  muscular  shivering,  which  normally  is  the  first  line  of 
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defensive  heat  production  in  warm-acclimated  animals,  to  increased  non¬ 
shivering  tissue  energy  metabolism.  This  non- shivering  component  could 
maintain  the  body  core  temperature  and  be  more  efficient  for  heat  con¬ 
servation.  Jansky  (1966)  indicates  that  a  large  percentage  of  the  non¬ 
shivering  themogenic  effects  of  rats  is  from  non-contractile  energy 
exchanges  in  skeletal  muscle.  During  the  present  trials,  observed  shiver¬ 
ing  and  general  discomfort  appeared  to  be  less  for  these  outdoor  animals 
compared  to  the  other  animals.  A  similar  method  of  non- shiver ing 
thermogenesis  may  be  evident  with  these  sheep  adapted  to  many  fluctuating 
environmental  changes. 

Propranolol  (l.Omg/kg)  treatment  did  not  affect  tissue  insulation 
of  the  outdoor  sheep.  The  control  and  indoor  animals  both  had  an 
increase  in  tissue  insulation.  Propranolol  inhibits  beta-adrenergic 
control  of  vasodilation  in  blood  vessels  to  the  peripheral  regions  and 
to  the  skeletal  muscle.  Consequently,  any  peripheral  blood  flow  as  a 
source  of  heat  loss  to  the  sheep  was  restricted.  However,  no  evidence  at 
present,  suggests  that  the  control  of  heat  loss  via  peripheral  vasodil¬ 
ation  in  the  sheep  is  great. 

Propranolol  treatment  decreased  the  metabolic  response  of  the 
control  sheep  by  about  6%  and  the  indoor  sheep  by  about  12%.  Metabolic 
response  with  propranolol  for  the  outdoor  sheep  did  not  change  although 
sympathetic  control  of  energy  metabolism  was  shown  to  be  very  limited  . 

As  in  the  previous  experiment,  some  control  exists.  Increased  metabolic 
response  for  the  control  and  indoor  sheep  above  those  values  for  the 
propranolol  treatments  was  due  to  sympathetic  intervention.  Since  the 
indoor  animals  were  acclimated,  andi.  Although  summit  metabolic  levels  had 
not  yet  been  achieved,  a  greater  sympathetic  involvement  is  evident. 
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This  is  qualitatively,  similar  to  the  responses  in  white  rats,  which  have 
been  acclimated  to  cold  temperatures  and  involves  increased  non- shivering 
ther.mogenesis  produced  b-y  an  increase  in  sympathetic  control  of  energy 
metabolism  (Jansky,  1966).  The  acclimated  rat  has  a  greater  sensitivity 
to  noradrenaline  induced  thermogenesis  than  the  warm-adapted  rat.  Increased 
metabolic  response  with  cold-acclimation  in  these  sheep  incorporates  some 
greater  sympathetic  involvement  than  in  the  warm  acclimated  sheep  in  cold 
stress . 

Propranolol  treatment  effectively  inhibited  sympathetic  control  of 
heart  rate  for  a  minimum  tipie  of  two  hours  after  infusion.  Heart  rate 
equilibration  was  usually  achieved  by  one  to  one  and  one  half  hours  of 
exposure  at  rates  which  were  higher  than  those  of  the  initial  exposure  by 
about  107,  (Appendix  9).  Inhibition  of  sympathetic  control  of  cardio- 
acceleration  suggests  that  the  withdrawal  of  vagal  inhibition  is  high  for 
sheep  under  acute  cold  stress.  Decreasing  vagal  inhibition  has  been 
shown  to  increase  the  heart  rate  performing  light  exercise  in  man 
(Robinson  _et  al. ,  1966) .  Nothing  has  been  reported  to  the  present  time  on 
the  effects  of  vagal  inhibition  of  heart  rate  in  sheep  during  cold  expo¬ 
sure.  If  decreased  vagal  inhibition  is  responsible  for  increasing  heart 
rate  in  the  cold  without  sympathetic  intervention,  then  the  intrinsic 
heart  rate  of  sheep  must  be  at  a  level  of  110  beats/min  or  greater. 

Summary 

1.  Propranolol  (1.0  mg/kg)  inhibits  the  maximal  heat  production 
of  warm-and  cold-acclimated  sheep  in  severe  cold. 

2.  Propranolol  (1.0  mg/kg)  inhibits  the  total  increase  in  heart 
rate  of  sheep  in  severe  cold  exposure  (-30°C).  Heart  rates  of  about  100 
beats/min.  were  shown. 
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3.  Warm-acclimated  sheep  exposed  to  severe  cold  try  to  maintain 
normal  body  temperatures  by  increasing  heat  production. 

4.  Winter-acclimatized  sheep  exposed  to  severe  cold  react  by 
decreasing  body  temperature  and  increasing  metabolic  rate  at  a  level  less  than 
that  of  warm-acclimated  sheep  in  a  similar  environment. 

5.  Cold-acclimated  sheep  exposed  to  severe  cold  maintain  body 
temperature.  They  were  capable  of  increasing  heat  production  to  levels 
greater  than  that  of  warm-acclimated  sheep  in  a  similar  environment. 
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V.  Experiment  3 

Effects  of  Direct  Nerve  Stimulation  and  of  Feeding  on  Heart  Rate 

in  Sheep  with  Pharmacological  Cardiac  Denervation 
Objective 

The  former  experiments  describe  the  effect  of  propranolol,  a 
beta-adrenergic  blocking  agent,  on  the  cardioacceleration  produced  with 
isoproterenol,  eating  and  cold  exposure.  These  stimuli  used  have  been 
relatively  non-specific  for  the  control  of  heart  rate  because  of  the 
possible  physiological  interaction  from  other  sources;  therefore,  it 
was  felt  that  a  specific  electrical  stimulation,  at  a  physiological 
level,  of  the  efferent  nerves  to  the  pharmacologically  blocked  heart 
would  better  serve  to  demonstrate  specific  adrenergic  and  also  c holiner- 
gic  blockade. 

It  has  been  shown  that  beta-adrenergic  control  was  not  primarily 
responsible  for  increasing  heart  rate  during  eating  in  sheep.  Prelim¬ 
inary  trials  of  complete  heart  blockade  in  the  non-anaesthetized  sheep 
were  carried  out  to  estimate  interaction  of,  basically,  a  denervated 
heart  during  rest  and  eating. 

Methods 

A,  Anaesthetized  Sheep 

Three  adult  Suffolk  sheep  and  two  Columbia  lambs  were  used  for 
these  trials.  The  animal  were  anaesthetized  with  nembutal  and  prepared 
for  surgical  isolation  of  the  left  and  right  vagi  in  the  neck  region 
and  isolation  of  the  left  and/or  right  stellate  ganglion(s) .  Prepara¬ 
tion  of  the  animals  included  catheterization  of  a  carotid  artery  for 
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blood  pressure  measurements  and  cannulation  of  the  trachea  for  possible 
respiratory  control  and  regulation.  Measurements  of  carotid  arterial 
blood  pressure  were  monitored  with  a  carrier  pre-amplifier^  (350'-1100  ’C) 
by  use  of  a  pressure  transducer^-.  The  catheter,  filled  with  heparinized 
saline,  was  connected  to  the  pressure  transducer  with  a  coupling  and 
a  three-way  tap.  This  made  it  possible  to  clear  any  obstruction  from 
the  catheter  with  saline.  The  electrocardiogram  (ECG)  was  monitored 
on  the  Sanborn^  (preamplifier  350  -  2700  Q) using  surface  or  skin  elec¬ 
trodes  (Section  II)  while  heart  rates  could  be  determined  either  from 
integration  of  the  ECG  peaks  (preamplifier  350  -  3400  A)  or  by  counting 
the  individual  systole-diastole  fluctuations  of  blood  pressure.  The 
second  method  was  generally  used  when  nerve  stimulation  was  under  weigh 
due  to  the  interference  from  the  electrical  stimulator.  However,  it 
was  found  that  at  very  low  voltages  heart  rate  could  still  be  determined 
from  the  ECG . 

Vagal  Stimulation 

After  the  vagi  had  been  isolated  from  the  surrounding  tissue 
the  left  vagus  was  severed  and  stimulated  on  the  peripheral  end  with 
an  electrical  impulse  from  an  inductorium  great  enough  for  temporary 
cardiac  arrest.  This  stimulation  was  maintained  for  fifteen  seconds 
The  central  end  of  this  vagal  trunk  was  similarily  stimulated.  A  simi¬ 
lar  technique  was  carried  out  with  the  right  vagus  (this  being  the 
major  vagal  trunk  of  cardiac  inhibition  to  the  sinus-artrial  node) . 
Atropine  (0.05  mg/kg,  i.v.)  was  injected  through  the  jugular  catheter 

over  a  one-minute  period.  A  twenty  minute  interval  was  allowed  before 
■^Hewlett-Packard  (Canada)  Ltd.,  Montreal,  Quebec. 
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electrical  stimulation 

Surgical  Isolation  of  the  Left  and  Right  Stellate  Ganglia 

It  has  been  shown  (Waites,  1957)  that  the  main  controlling 
sympathetic  mechanism  of  heart  rate  in  the  sheep  is  via  the  right 
chain  of  the  sympathetic  nervous  system.  The  main  ganglion  is  the 
right  stellate  ganglion.  Isolation  and  stimulation  of  both  stellate 
ganglia  were  carried  out  in  some  experiments  followed  by  propranolol 
treatments  and  electrical  stimulation.  However,  due  to  the  length 
of  time  involved  for  isolation  of  both  vagi  and  stellage  ganglia  when 
the  animal  was  under  anaesthesia  (which  could  go  as  long  as  twelve 
hours) ,  some  trials  were  carried  out  with  specific  right  stellate 
isolation  and  stimulation  only. 

Isolation  of  the  right  stellate  ganglion:  This  was  accomp¬ 
lished  by  first  drawing  the  right  foreleg  backwards  and  locating  the 
first  rib  just  forward  of  the  scapula.  A  lateral  incision,  of  about 
three  inches,  was  made  through  the  skin  in  the  immediate  area  and  the 
muscle  in  the  region  was  separated  to  reveal  the  right  vertebral 
artery  and  vein  just  before  they  disappeared  under  the  rib  (Fig.  11). 
The  periosteum  was  then  loosened  and  removed  with  a  Stille  esterotome 
and  a  Doyen  rib  raspatory2  all  of  the  way  around  the  rib  from  the  head 
for  about  one  inch  along  the  lateral  region  of  the  body.  Much  care 
was  required  to  avoid  any  pneumothorax  which,  if  produced,  tended  to 
make  isolation  of  the  ganglion  difficult.  The  section  of  the  rib  which 

O 

had  been  cleaned  was  the  cut  with  a  Gluck  rib  shear^  and  removed.  The 


2The  Stevens  Co.  Ltd.,  Calgary. 
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FIGURE  11 


The  right  stellate  ganglion  of  the  sheep  with  the  f: rst 
rib  removed, 

1.  Rib  1.  cut  out 

2.  Rib  2. 

3.  Phrenic  nerve 

4.  Vertebral  artery 

5.  Vertebral  vein 

6.  Stellate  ganglion 
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FIGURE  12  -  Dissection  in  left  thoracic  region  of  sympathetic 
chain  and  heart. 

1.  Left  stellate  ganglion  on  paper  background 

2.  Phrenic  nerve 

3.  Vagus  nerve 

4.  Subclavian  artery 

5.  Left  atrium  of  the  heart 
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periosteum  and  the  outer  layer  of  pleura  were  left  intact.  The  per¬ 
iosteum  was  then  removed  with  a  pair  of  forceps  and  interfering  fat 
and  lymph  was  removed  for  easier  access  to  the  region.  In  this 
region  the  sympathetic  chain  appears  near  the  vertebral  artery  and 
vein  beside  the  right  phrenic  trunk.  The  ganglion  is  located 
because  of  its  triangular  shape  just  posterior  to  the  location  of  the 
first  rib.  The  central  and  peripheral  parts  of  the  sympathetic  chain 
were  then  severed  leaving  the  branch  to  the  sinus-atrial  node  intact. 

The  ganglion  was  tied  with  a  piece  of  suture  making  it  available  for 
stimulat ion . 

Isolation  of  the  left  stellate  ganglion:  This  was  carried  out 
in  much  the  same  way.  The  points  of  reference  are  quite  similar  to 
those  on  the  right  side.  The  ganglion  is  dorsal  to  the  branching  of 
the  branchial  and  arterial  arteries.  When  the  rib  was  removed  the 
stellate  ganglion  appeared  posterior  compared  to  the  ganglion  of  the 
right  side.  This  places  the  ganglion  almost  between  the  first  and 
second  rib. 

Electrical  Stimulation  of  the  Stellate  Ganglia 

After  the  respective  stellate  ganglia  had  been  isolated  an  el¬ 
ectrical  stimulation  (inductorium  of  Grass  Electrical  Stimulator 
Model  SD5^)  was  administered  for  fifteen  seconds  to  produce  a  physio¬ 
logical  increase  in  heart  rate  to  not  more  than  250  beats/min.  An 
impulse  of  4  volts,  20  pulses/sec,  5  msec  duration  was  possible  made  with 
the  Grass  stimulator.  After  the  effect  of  stimulation  had  been 
3 

Grass  Inst.  Co.,  Quincy , Mass . ,  U.S.A. 
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determined,  propranolol  (0.5  mg/kg)  was  infused  over  a  one  minute 
time  period.  Stimulation  of  the  respective  ganglia  was  then  repeated. 

The  two  trials  with  the  lambs  included  inhibit  ion- 1 ime 
studies  on  the  effect  of  propranolol  blockade.  The  right  stellate 
ganglion  was  electrically  stimulated  every  fifteen  minutes  for  a  total 
period  of  four  hours  after  propranolol  infusion.  After  each  period  of 
heart  rate  adjustment,  (i.e.,  heart  rate  at  the  prestimulation  level), 
which  usually  required  one  minute,  isoproterenol  (0.2  J/.  g/kg,  i.v.) 
was  injected.  A  comparison  of  the  two  types  of  stimulation  on 
increased  heart  was  made. 

B .  Conscious  Sheep 

Cardiac  Pharmacological  Blockade  in  Conscious  Sheep 

Studies  were  carried  out  to  investigate  the  effect  of  propran¬ 
olol  (0.5  mg/kg)  and  atropine  (0.05  mg/kg)  on  the  heart  rates  of 
resting  and  eating  sheep.  Two  Columbia-Lincoln  lambs  each  weighing 
20  kg  were  infused  (i.v.)  with  a  saline  preparation  of  the  drug  over  a 
fifteen  minute  period.  Following  such  a  treatment  in  dogs  (Joseand  Stitt,  1967) 
and  in  man  (Jose,  1966)  the  heart  resembles  a  classical  isolated  heart- 
lung  preparation.  Heart  rates  were  recorded  every  five  minutes  for  an 
interval  of  four  hours.  An  estimate  of  resting  heart  rate  was  obtained 
during  the  thirty  minutes  before  infusion. 

The  same  five  Lincoln  male  sheep  used  previously  for  the  eating 
and  cold  experiments  were  used  for  the  pharmacological  blockade  studies 
during  eating.  Two  of  the  animals,  Happy (T)  and  Dopey (T)  had  been 
thyro*P3rathyroidectomized  at  least  sixty  days  before  these  trials.  It 
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is  usually  impossible  to  remove  the  thyroid  glands  of  a  sheep  with¬ 
out,  at  the  same  time,  removing  the  parathyroid  glands.  These 
thyro-parathyroidectomized  animals  were  maintained  on  the  same  ration 
as  the  other  animals  (1000  gm/day)  but  were  supplemented  with  calcium 
in  their  drinking  water  (1.5  grams  of  calcium  lactate/wt . (kg  sheep/day) 
to  avoid  tetany,  osteomalacia  or  any  other  calcium  deficiency  which 
could  occur  with  loss  of  the  parathyroid  gland.  Heart  rate  measure¬ 
ments  were  recorded  for  a  prefeeding  period  of  one  hour  and  duringifhis  time 
the  drug  was  administered.  Propranolol  and  atropine  were  prepared  as 
before  and  infused  over  a  fifteen  minute  period.  After  an  additional 
fifteen  minutes  alfalf a-brome  hay  was  given  to  the  sheep  and  heart 
rates  were  recorded  for  a  maximum  eating  time  of  one  hour.  The  feed 
was  then  removed  at  this  time  and  measurements  were  continued  for 
another  hour.  Duplicate  trials  were  conducted  for  each  animal. 

Results 

A .  Anaesthetized  Animals 

Levels  of  electrical  stimulation  were  determined  during  some 
initial  trials  which  would  just  arrest  pulsation  of  the  heart  when 
applied  to  the  peripheral  end  of  the  right  severed  vagus  and  not  to 
increased  above  250  beats/min  when  applied  to  the  isolated  right 
stellate  ganglion. 

Electrical  Stimulation  of  the  Vagi(X)  Nerves 

Electrical  stimulation  of  the  peripheral  end  of  the  right 
severed  vagus  nerve  for  a  fifteen  second  interval  resulted  in  cardiac 
arrest  (Table  6  ).  Blood  pressure  decreased  substantially  as  well 


TABLE  6  .  Stimulation  of  the  Vagi  (X)  Nerves  Before  and  After  Atropine  Injection 


84 


<d 
,  d 
60  *H 

cx 
o 

S-l 


cd 

u 

d 

co 

CO 

cd 

c 

CM 

TO 

O 

O 

rH 

CQ 


co 

CO 

<D 

JO 


ci 

co 

0) 

cd 


cd 


JO 

H 

JO 

3 

■rH 

I 

<D 

Ci 

CL. 


a) 

ci 

tH 

CL. 

o 


cd 


at 

Ci 

DJ 


i1 

m 

ON 

o 

CO 


LO 

rH 

+  1 

r^. 


i — i 

+i 

f"~ 


O 

T— I 
+  1 
n 

CT\ 

in 

CO 


in 

i — I 

+  1 

o 


lO 

<t 


LO  . 
+ 


o 

00 

m 


m 

+ 1 


in 

oo 

o 

Csl 


(0 

•H 

co 

d 

cO 

<d 

jo 


cd 

4-1 

cd 

Ci 

4J 

Cl 

cd 

0) 

00 

<3 


o 

i-H 

+  \ 

m 

ao 

m 

co 


n 
+  1 


o 

a-\ 

o 

CO 


CO 

+  1 

M0 

+ 


+  1 

CM 

+ 


+  1 

M0 

+ 


o 

+1 

M0 

+ 


* 

■Jc 

co 

+  1 

CM 

r“H 

I 


<d 

4-1 

CD  Jsi 
.-4  O 

CC  o 

B  i- * 

O  JO 
CO 


a)  a) 

4-1  4J 

cd  a; 
ci  c  m 

a.  to 


TO 

a) 

co 


co 

±« 

i 


M 

cd 


o  a; 
<d  jo 

TO 


o  o 
o 

Ci  i — l 

o  jo 


“D" 

JO 


60 

4-J 

TO 

4J 

•r-4 

4H 

01 

JO 

Cl 

4J 

CD 

N 

60 

4-4 

i— 4 

•H 

•H 

r— 4 

CD 

4-J 

Cl 

cd 

rH 

r-H 

QJ 

Ci 

cd 

JO 

(—4 

CD 

rH 

M 

4-J 

cd 

JO 

cd 

jd 

co 

Ci 

CC 

Cl 

& 

CD 

4-J 

•r* 4 

4-1 

•H 

cd 

d 

Cl 

d 

C4 

d 

CD 

<D 

CD 

CD 

C 

o 

P-i 

c_o 

CC 

co 

<0 

o 

d 

CD 

Ci 

CD 

4H 

4-4 

•H 

TO 

4-4 

O 


d 

o 


cd 

i—H 

d 

e 


co 


cd 

o 


a 

a) 

i-H 

0) 

Cl 

a) 

4-J 

4-1 

cd 


60 

35 


a> 

C4 

d 

co 

co 

<0 

Cl 

cc 

TO 

o 

o 


TO 

d 

cd 


d 

•r-4 

co 

4-J 

cd 

a) 

jo 


a) 

4-1 

cd 

Ci 

4-J 

Cl 

cd 

ai 

JO 

4-4 

O 

co 

4-J 

d 

ai 

e 


> 


a) 

•H 

• 

C( 

CD 

4-J 

•  Q 

d 

JO 

O 

Q  • 

co 

4-J 

CD 

•  c/o 

cd 

) 

c/o  -jc 

CD 

4H 

d 

■)'<  * 

£ 

O 

•H 

uox^e^nuiT^s 


central  and  peripheral  ends  of  severed  vagi  before  and  after  atropine  (0.05  mg/kg, 
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from  anaesthetized  values  of  120/804to  unrecordably  low  levels. 

Central  right  vagus  electrical  stimulation  decreased  heart  rate  by 
12  beats/min  and  blood  pressure  increased  slightly  to  125/95.  Because 
of  the  occurence  of  increased  vomiting  and  salivation,  stimulation 
of  the  central  ends  of  the  vagi  were  kept  to  a  minimum  in  order 
to  avoid  increased  complications.  Similar  stimulations  of  the  left 
vagus  resulted  in  a  decrease  of  8  beats/min  for  the  central  end  and 
again  cardiac  blockade  with  peripheral  stimulation.  Blood  pressure 
was  similar  to  before.  Usually  after  the  arresting  stimuli,  heart 
rate  and  blood  pressure  recovery  to  pre- stimulation  levels  would 
require  about  two  minutes. 

A  twenty  minute  period  followed  atropine  injection  (0.05  mg/ 
kg  ,  i.v.)  which  allowed  the  total  effect  of  blockade  to  develop. 

Right  peripheral  vagal  electrical  stimulation  was  completely  inhibi¬ 
ted  by  heart  rate  and  blood  pressure  changed  only  to  120/85.  Central 
electrical  stimulation  of  this  same  nerve  trunk  resulted  in  an 
increase  in  heart  rate  of  6  beats/min  above  the  anaesthetized  level 
and  a  blood  pressure  of  135/100.  Peripheral  stimulation  of  the  left 
vagal  trunk  increased  heart  rate  6  beats/min  but  blood  pressure 
tended  to  decrease  to  115/80.  Stimulation  of  the  central  trunk  of 
the  left  vagus  increased  heart  rate  !6  beats/min  and  blood  pressure  to 
145/110. 


Electrical  Stimulation  of  the  Stellate  Ganglion 
After  right  stellate  ganglion  isolation  anaesthetized  heart 
rate  was  120  beats/min.  A  change  in  heart  rate  of  103  beats/min 


4.  Systolic-diastolic  blood  pressure  in  mm.  Hg. 
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Change 
in  Heart 
Rate 

(beats /min) 


FIGURE  13  -  Direct  electrical  stimulation  of  the  right  stellate  ganglion 
for  three  sheep.  Bar  value  is  standard  deviation. 
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TABLE  7  -  Time  effect  of  propranolol  inhibition  on  the  heart  with  elec¬ 
trical  stimulation  on  the  right  stellate  ganglion  and  isoproterenol 
injection  (0.2  //g/kg)  .  Values  are  increases  in  heart  rate  above  the 
resting  anaesthetized  levels  before  and  after  propranolol  (0.5  mg/kg) 
infusion. 


Change  in  Heart  rate  (beats /min) 


Propranolol 


1 


Electrical 

stimulation  120  +2(98)* 


I soproterenol 

0. 5y*g/kg  110  +5(95) 


Post -propranolol 
Time  (hr) 


2 

3 

4 

+6(95) 

+40(66) 

+65(46) 

+16(87) 

+41(65) 

+84(23) 

*7o  blockade  of  increased  heart  rate. 


* 
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resulted  from  electrical  stimulation.  After  propranolol  (0.5  mg/ 
kg)  infusion  heart  rate  increased  to  140  beats/min  and  tended  to 
be  quite  consistant  at  this  level.  Electrical  stimulation  comparable 
to  that  given  before  propranolol  was  effectively  inhibited  with 
repeated  stimulations  (Fig.  13) 

After  stellate  isolation  in  sheep  97X,  with  intact  vagi, 
anaesthetized  heart  rate  was  120  beats/min.  A  change  in  heart  rate 
of  120  beats/min  resulted  from  electrical  stimulation  and  an  increase 
of  110  beats/min  with  isoproterenol  (0.2^g/kg,  i.v.)  injection.  After 
electrical  stimulation  and  isoproterenol  injection  the  anaesthetized 
heart  rate  was  140  beats/min.  Electrical  stimulation  and  isoprot¬ 
erenol  injection  values  were  pooled  for  each  hour.  After  one  hour, 
electrical  stimulation  increased  heart  rate  only  +2  beats/min 
which  indicated  987,  blockade  to  the  heart.  Isoproterenol  injection 
increased  the  heart  rate  +5  beats/min  or  95%  blockade  (Table  7  ). 

Thus  a  high  level  of  beta-adrenergic  inhibition  was  still  apparent. 

A  real  difference  in  blockade  break  through  came  two  hours 
after  propranolol  infusion.  For  the  three  hour  period  electrical 
stimulation  demonstrated  66%  blockade  and  isoproterenol  657,  blockade. 

B .  Conscious  Animals 

All  of  the  normal  intact  sheep  and  lambs  infused  with  the 
propranolol  (0.5  mg/kg) -atropine  (0.05  mg/kg)  responded  with  an 
immediate  increase  in  heart  rate  from  a  mean  of  60  beats/min  to 
110  beats/min  for  the  Lincoln  males  (Fig. 14a)  and  a  mean  of  60  beats/ 
min  to  90  beats/min  for  the  two  lambs  (Fig. 14c).  This  level  of  heart 


FIGURE  14a 


89 


cu 

-u  £ 

Cd  -H 
P5  _EI 

■u  cn 

M  4-> 

co  cd 
0)  cu 
£3  £2 


FIGURE  14b 


<u 

■u  £ 
cd  *h 
K  ^E 

4-)  co 
1-4  4-> 
cd  cd 
<u  cu 

£3  43 


FIGURE  14  -  Heart  rate  in  euthyroid  (Figure  14a)  and  thyroidectomized 

sheep  (Figure  14b)  during  eating  with  pharmacological 
blockade . 
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rate  in  the  lambs  decreased  to  81  beats/min  during  the  first  thirty 
minutes  and  steadily  decreased  to  70  beats/min  two  hours  following 
infusion. 

During  the  feeding  trials  the  heart  rates  of  normal,  intact 
sheep  did  not  increase  above  the  post- inf usion  levels.  These  heart 
rates  were  generally  maintained  during  eating  and  began  to  decrease 
to  levels  above  those  at  rest. 

The  thyro- parathyroidectomized  animals  had  a  different  resp¬ 
onse  to  the  drug.  Dopey(T)  indicated  a  rise  in  the  mean  heart  rate 
in  the  thirty  minutes  following  infusion  from  60  to  65  beats/min 
whereas  Happy(T) ,  during  the  same  interval  demonstrated  a  fall  in 
mean  heart  rate  from  98  to  86  beats/min.  During  eating  no  significant 
change  in  heart  rate  was  evident  for  Happy(T)  but  Dopey(T)  did 
decrease  heart  rate  by  10  beats/min  during  the  first  thirty  minutes 
after  the  meal. 

Discussion 

The  level  of  propranolol  (0.5  mg/kg)  used  in  the  trials  on 
anaesthetized  animals  effectively  inhibited  the  increase  in  heart  rate 
following  direct  electrical  stimulation  of  the  cardioaccelerator 
nerves  to  the  heart.  This  was  the  same  level  of  propranolol  which 
inhibited  increased  heart  rate  during  the  cold  exposure  and  isoprot¬ 
erenol  trials  of  Experiment  1. 

Results  from  Sheep  97X  illustrated  the  similarity  between  the 
dose  of  isoproterenol  and  the  level  of  electrical  stimulation  selected 
for  cardioacceleration.  The  decrease  in  the  blocking  effect  of 
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propranolol  with  time  in  this  animal  was  also  very  consistent  for 
both  types  of  stimulation.  Inhibition  of  increased  heart  rate  was 
maintained  in  the  range  of  90  +  57.  for  two  hours  as  indicated  by 
the  respective  stimulation  (Table  7).  During  the  third  hour,  the 
effectiveness  of  blockade  decreased  to  657..  This  was  similar  to 
these  results  of  isoproterenol  injection  in  Experiment  1. 

The  tetanizing  electrical  impulse  used  for  vagal  stimulation 
was  of  an  intensity  great  enough  to  cause  cardiac  arrest.  This  heart 
rate  inhibition  was  demonstrated  by  stimulation  of  peripheral  ends 
of  either  of  the  two  vagal  trunks.  Individual  results  did,  however, 
tend  to  confirm  that  the  main  parasympathetic  control  of  the  heart  is 
via  the  right  vagal  neural  trunk. 

The  concentration  of  atropine  (0.05  mg/kg)  used  to  inhibit 
vagal  control  of  the  heart  rate  in  conscious  sheep  was  comparable 
to  those  levels  used  for  vagal  inhibition  in  man  (Cumming  and  Carr, 
1967).  The  effect  of  direct  electrical  stimulation  of  the  peripheral 
vagi  in  anaesthetized  sheep  was  blocked  after  atropine  had  been 
injected.  Consequently,  pharmacological  blockade  with  propranolol 
(0.5  mg/kg)  and  atropine  (0.05  mg/kg)  was  very  effective  during 
direct  electrical  stimulation  of  the  respective  nerves. 

The  results  of  these  experiments  do  not  permit  an  exact  evalu¬ 
ation  of  the  relative  importance  of  direct  inhibition  by  atropine 
of  tonic  vagal  impulses  to  the  heart  and  of  the  possible  direct 
chronotropic  effect  of  propranolol  in  the  sheep.  It  is  possible  that 
propranolol  could  inhibit,  slightly,  parasympathetic  and  well  as 
sympathetic  control  of  the  heart.  Interactions  between  the  effects 
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of  propranolol  and  atropine  on  the  heart  remain  to  be  resolved  and 
are  presently  under  study.  Nonetheless,  it  can  be  concluded  that 
treatment  with  atropine  and  propranolol  did  produce  effective  phar¬ 
macological  blockade  of  autonomic  control  of  the  heart  for  two  hours 
after  injection. 

The  amount  of  eating  activity  was  not  uniform  for  all  animals. 
Grumpy  ate  a  maximum  of  1000  gm  of  hay  while  minimum  values  of  ISO 
gm  for-  Happy  (T),  ^nd  Doc  were  recorded  (Figure  14)  .  Thus  it 
could  be  expected  that  the  activity  of  eating  would  be  far  greater 
for  Grumpy  that  some  of  the  other  sheep  due  merely  to  the  volume 
consumed.  Once  the  intact  sheep  began  eating,  isolated  heart  rates 
did  not  increase  but  did  manage  to  maintain  a  plateau  of  102  beats/ 
min.  Over  a  similar  period  of  time  the  heart  rates  of  lambs,  which 
were  not  offered  food,  did  not  change.  Figure  15  compares  the  changes 
in  heart  rate  from  resting  levels  for  intact  sheep,  thyro-parathyroid- 
ectomized  sheep  and  lambs. 

The  period  for  eating,  refers  to  adult  sheep  only.  Relative 
changes  for  the  fed  intact  sheep  and  lambs  not  offered  food  were 
similar.  Further  work  on  the  effects  of  pharmacological  blockade  of 
the  heart  in  sheep  is  presently  under  study. 

Resting  heart  rates  for  dogs  which  had  surgical  cardia re- 
denervation  were  about  100  beats/min  and  increased  to  peak  values  of 
150  -  170  beats/min  with  exercise  (Donald  and  Shephard,  1963).  This 
increase  however,  could  have  been  due  to • increased  amounts’  of  adrena¬ 
line  or  of  catecholamines  from  nerves  other  than  those  direptly  serving 


the  heart. 


Lambs,  unfed 

Thyroidectomized  sheep,  fed 
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FIGURE  15  -  Change  in  heart  rate  from  rest  for  propranolol-atropine  treated  euthyroid  sheep  and 

lambs  and  thyroidectomized  sheep  respectively.  Only  the  adult  sheep  were  offered  feed. 
Variations  are  standard  deviation  of  change  in  heart  rate. 
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A  previous  experiment  had  been  carried  out  with  Grumpy  using 
atropine  only  (0.1  mg/kg).  Increases  in  heart  rate  were  recorded 
from  a  mean  of  65  beats/min  to  a  high  of  124  beats/min  during  the 
infusion  to  an  average  of  87  beats/min  after  the  infusion  had  stopped. 
The  effect  of  eating  increased  the  heart  rate  to  154  beats/min  for 
the  first  thirty  minutes  after  eating  had  begun.  The  heart  rate  was 
maintained  at  a  high  level  throughout  the  eating  process  but  did 
tend  to  drop  off  in  the  last  thirty  minutes  to  an  average  of  140 
beats/min.  After  the  food  had  been  removed,  heart  rate  decreased  to 
98  beats/min.  The  effect  of  atropine  block  was  confirmed  at  this 
time  with  an  injection  of  acetylcholine  (0.4  mg/kg).  This  sheep 
was  an  exceptional  animal  in  that  atropine  infusion  did  not  seem  to 
decrease  his  urge  to  eat.  Other  animals  demonstrated  a  decreased 
desire  to  eat.  This  was  undoubtedly  due  to  the  blockade  of  salivary 
secretion  atid  parasympathetic  rumen-reticular  motility  which  normally 
accompany  eating . (Figure  16). 

Total  pharmacological  isolation,  then,  stimulates  the  effect 
of  eating  in  normal  sheep  in  that  the  incremental  increase  in  heart 
rate  after  blockade  and  during  eating  is  very  similar.  One  might 
conclude  that  decreased  vagal  inhibition  is  largely  but  not  necessarily 
completely  responsible  for  increased  heart  rate  during  eating. 

It  has  been  suggested  (McDivitt,  1968)  that  thyroid  hormone 
acts  directly  on  the  heart  of  man  and  that  a  fall  in  the  circulating 
amount  produced  either  by  thyroid  hormone  suppressing  drugs  or  by 
thyroidectomy  reduced  the  resting  pulse  rate  and  the  incidence  of 
paroxysmal  tachycardia.  Thyroid  hormone  did  not  potentiate  the  action 
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Heart  rate  for  Grumpy  before,  during  and  after  eating  with 
atropine  infusion. 
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of  catecholamines  in  the  heart  of  man  or  dog  (Margolius,  1965).  No 
effect  of  thyroid  hormone  on  the  vascular  activity  of  catechola¬ 
mines  in  the  dog  has  also  been  suggested  (Johnson,  1968).  In  the 
present  experiment,  thyroidectomy  did  not  alter  resting  heart  rate. 
However,  following  pharmacological  blockade,  heart  rate  did  not 
increase  at  rest  or  during  eating.  This  contrasts  sharply  with  the 
results  offered  in  the  euthyroid  animals.  It  is  reasonable  to 
conclude  that  in  sheep,  thyroid  hormone  has  a  stimulating  effect  on 
the  intrinsic  rate  of  the  heart.  In  the  normal  resting  state,  how¬ 
ever,  a  marked  degree  of  vagal  tone  maintains  heart  rate  about  40 
beats/min  below  its  intrinsic  rhythm. 

Summary 

1.  Propranolol  (0.5  mg/kg)  inhibited  the  effect  of  physio¬ 
logical  electrical  stimulation  to  the  cardio-acceleratory  nerves  in 
the  sheep  for  a  minimal  period  of  two  hours. 

2.  Atropine  (0.05  mg/kg)  effectively  inhibited  the  effect 
of  direct  electrical  stimulation  to  the  efferent  vagi  to  the  heart. 

3.  Pharmacological  blockade  with  propranolol  (0.5  mg/kg)  and 
atropine  (0.05  mg/kg)  showed  a  resting  heart  rate  of  about  100  beats/ 
min  for  sheep. 

4.  Euthyroid  sheep  with  pharmacological  blockade  did  not 
inc-rease  heart  rate  with  eating  above  the  isolated  intrinsic  level. 

5.  No  difference  in  resting  heart  rate  was  shown  between 
euthyroid  and  thyroidectomized  sheep. 
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6.  Thyroidectomized  sheep  with  pharmacological  blockade  did 
not  increase  resting  heart  rates  above  the  isolated  intrinsic  level. 
No  effect  of  eating  on  heart  rate  was  observed  in  these  animals. 
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GENERAL  DISCUSSION 

The  individual  results  of  the  three  main  experiments 
have  already  been  discussed  in  detail.  However,  several  topics 
emerge  from  the  entire  project  whose  implications  and  applications 
permit  general  discussion. 

Heart  Rate  and  Energy  Expenditure  in  Normal  Sheep 

Increased  metabolic  energy  demands  of  eating  and  cold 
stress  have  been  shown  to  be  highly  correlated  with  increased 
heart  rate  by  Webster,  (1967)  who  proposed  that  heart  rate 
telemetry  could  be  used  as  a  technique  for  estimation  of  the 
energy  expenditure  of  the  individual  grazing  animal . 

Table  8a  shows  the  linear  regressions  of  heart  rate  and 
metabolic  rate  for  five  sheep  with  fleeces  when  exposed  to  air 
temperatures  between  -20°  C  and  +10°  C.  A  large  amount  of  vari¬ 
ation  was  shown  between  sheep.  Mean  regression  values  were  cal¬ 
culated  for  all  sheep  from  average  heart  rates  and  the  average 
heat  productions  for  each  time  period. 

Table  8b  shows  the  linear  regression  values  of  the  same 
individual  sheep  during  eating.  Two  feeding  trials  were  carried 
out  (Experiment  one).  Variation  in  linear  regression  between  the 
two  feeding  trials  was  evident  for  the  same  animals.  Mean  regres¬ 
sion  values  were  determined  for  all  sheep  for  each  trial  during 
eating  from  average  heart  lates  (Y)  and  average  heat  production 
(X)  for  each  time  period.  The  two  mean  regression  formulae, 
Y=0.68X  -  1.6  and  Y=0.69X  -  4.0,  are  similar  for  both  feeding 
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TABLE  _8_  a  -  Regression  of  Heart  Rate  and  Heat  Production  During  Acute  Cold. 

Sheep  Regression*  S.E.  of  Regression 

 coefficient 


DC 

Y 

— 

0.51 

X 

+22.8 

+3.101 

DY 

Y 

= 

0.56 

X 

-  5.8 

+0.347 

SY 

Y 

= 

1.23 

X 

-9.07 

+0.076 

GY 

Y 

= 

0.53 

X 

+  1.20 

+0.106 

HY 

Y 

=5 

0.98 

X 

-7.04 

+0.75 

MEAN 

Y 

0.85 

X 

-  25 

+0.055 

TABLE  8  b  -  Regression  of  Reart  Rate  and  Reat  Production  During  Feeding. 

Trial  1 

Sheep  Regression*  S.E.  of  Regression 

coefficient 


DC 

Y 

= 

0.68 

X 

- 

9.2 

+0.139 

DY 

Y 

= 

0 . 88 

X 

- 

47.0 

+0.259 

SY 

Y 

— 

0.60 

X 

- 

7.3 

+0 . 244 

GY 

Y 

- 

0.58 

X 

- 

1.2 

+0.188 

HY 

Y 

- 

0.78 

X 

+ 

37.8 

+0.392 

MEAN 

Y 

32 

0.68 

X 

_ 

1.6 

+0.215 

Trial  2 

DC 

Y 

=3 

0.62 

DY 

Y 

= 

0.47 

SY 

Y 

3= 

0.58 

GY 

Y 

= 

1.32 

HY 

Y 

= 

°.  71 

MEAN 

Y 

= 

0.69 

X  - 

11.8 

+0.080 

X  - 

7.1 

+0.261 

X  - 

6.1 

+0.085 

X  - 

52.7 

+0.251 

X  - 

31.4 

+3.165 

X  - 

4.0 

+0.177 

'Y  =  Heart  Rate  (beats/min.) 

X  =  Heat  production  (kcal/hr.) 
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Table  9 

Regression  of  Heart  Rate  and  Heat  Production  During  Acute  Cold  Stress 


Sheep 


Regression 


S.E.  of  regression 
coefficient 


Cl  Y  =  0.81  X  -110.9  +0.302 

C2  Y  =  0.49  X  +  42.2  +0.381 

C3  Y  =  0.72  x  -  36.6  +0.107 

C4  Y  =  0.45  x  +  49.3  +0.166 

MEAN  Y  =  0.65  X  -  22.4  +0.159 


0i  Y  =  1.42  X  -  95 

02  Y  =  1.05  X  -  92 

03  Y  =  0.41  X  +100 

04  Y  =  0.41  X  +  69 

MEAN  Y  =  0.67  X  +  3 


4 

+0.356 

5 

+0.174 

7 

+0.265 

0 

+0.087 

8 

+0.153 

X1 

Y  = 

0. 

79 

X 

-  56.2 

+ 0. 

171 

X2 

Y  = 

0. 

,61 

X 

-69.6 

+0. 

175 

X3 

Y  = 

0. 

,  18 

X 

+147 . 6 

+0. 

132 

X4 

Y  = 

0. 

,28 

X 

+105.6 

+0. 

,054 

mean 

Y  = 

0. 

,54 

X 

+  5.4 

+0. 

,049 

Y  =  heart  rate  (beats /min) 


X  =  heat  production  (kcal/hr) 
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trials.  It  was  felt  that  the  activity  of  heart  rate  as  a  function 
of  metabolic  rate  was  more  physiological  than  the  comparison  by 
Webster  (1967).  Thus  heat  production  was  stated  as  the  independent 
variable  and  heart  rate  as  the  dependent  variable. 

Linear  regression  for  the  sheep  in  severe  cold  is  shown 
in  Table  9  .  These  values  represent  heat  production  up  to  433 
kcal/0 . 75kg/24hr  and  heart  rates  up  to  260  beats/min.  The  great¬ 
est  amount  of  variation  again  is  between  animals.  Mean  regression 
values  were  determined  for  all  animals  in  the  environmental  group 
for  each  time  period.  The  control  and  outdoor  sheep  have  similar 
slopes  (0.65  and  0.67)  respectively  while  the  indoor  sheep  have 
a  slope  of  0.54.  The  mean  b  values  for  these  sheep  at  severe  cold 
stress  are  similar  to  the  mean  b  values  for  eating  (Table  8  ). 

The  relationship  between  heat  production  and  heart  rate  was  similar 
to  that  suggested  by  Webster  (1967).  The  error  terms  in  the  present 
experiments  are  greater  because  far  less  values  have  been  included 
in  each  regression.  The  present  data,  however,  does  suggest 
that  these  relationships  exist  beyond  the  limits  of  energy  ex¬ 
penditure  suggested  by  Webster  to  near  maximal  levels  of  heat  pro¬ 
duction  . 


Autonomic  Control  of  Heart  Rate 

It  has  already  been  shown  that  heart  rate  can  increase 
during  exercise  in  man  (Cumming  and  Carr,  1966)  and  dogs  (Donald 
and  Shephard,  1963),  following  surgical  sympathectony  of  the  heart 
or  pharmocological  blockade  with  propranolol.  Part  of  this  increase 
in  heart  rate  during  exercise  is  undoubtedly  due  to  reduction  in 
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vagal  tone  (Robinson  et  a]^.  ,  1966)  .  Donald  and  Samueloff  (1966) 
have  suggested,  however,  that  autonomic  control  cannot  entirely 
account  for  cardioacceleration  during  increased  work  load.  The 
present  results  tend  to  confirm  this  suggestion. 

Propranolol  totally  inhibited  direct  stimulation  of  sym¬ 
pathetic  nerves  to  the  heart,  which  confirms  that  sympathetic 
control  of  the  heart  is  mediated  entirely  by  beta-adrenergic 
receptors.  Atropine  and  propranolol  together  effectively  isolated 
the  heart  from  all  autonomic  control.  Pharmacological  cardiac 
denervation  produced  in  this  way  is  not  only  simpler  than  surgical 
denervation  but  more  effective  since  surgical  sympathectomy  does 
not  inhibit  the  excitatory  effects  of  catecholamines  from  the 
adrenal  medulla  or  from  sympathetic  nerves  not  directly  supplying 
the  heart.  The  use  of  atropine,  however,  does  present  some  prob¬ 
lems  of  side  effects,  in  particular  those  which  depress  the  mechanic¬ 
al  and  chemical  processes  of  digestion  and  thus  appetite.  During 
naturally  occurring  environmental  stimuli,  the  effects  of  prop¬ 
ranolol  on  heart  rate  were  variable.  During  mild  cold  exposure 
propranolol  markedly  inhibited  cardio-acceleration  particularly 
during  the  early  phase.  When  shorn  sheep  were  exposed  to  extreme 
cold  stress  some  cardiac  acceleration  persisted  after  total  beta- 
adrenergic  blockade.  Some  of  this  increase  undoubtedly  resulted 
from  a  decrease  in  vagal  tone. 

Beta-adrenergic  blockade  had  little  effect  on  heart  rate 
during  eating  when  heart  rate  rose  to  about  lOObeats/min .  However, 
total  autonomic  blockade  in  normal  animals  also  increased  resting 
heart  rate  from  60beats/min.  to  lOObeats/min.  a  value  similar  to 
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that  achieved  during  eating.  There  may  be  no  need  to  seek  any 
explanation  other  than  decreased  vagal  tone  to  account  for  the 
increase  in  heart  rate  that  accompanied  eating  in  these  trials . 
However,  recent  experiments  have  shown  that  when  sheep  are  allowed 
to  feed  while  exposed  to  moderate  cold  stress  heart  rate  can  in¬ 
crease  to  more  than  200  beats/min.  This  lends  support  to  the  sug¬ 
gestion  that  factors  other  than  autonomic  are  involved  in  the  control 
of  heart  rate. 

Sympathetic  Control  of  Energy  Metabolism 

In  many  species  adaptation  to  cold  stress  involves  a 
transition  from  shivering  to  non-shivering  thermogenesis  as  a 
first  line  defense  against  cold  (Sellar,  Scott  and  Thomas,  1954). 
Greater  sympathetic  neural  control  of  metabolism  is  demonstrated 
with  this  change  to  non-shivering  thermogenesis  (Hsieh,  Carlson 
and  Gray,  1957).  Table  5  shows  results  of  cold-acclimated  sheep 
which  were  capable  of  producing  more  heat  than  the  control  sheep 
in  similar  cold  stress.  Beta-adrenergic  blockade  resulted  in  a 
12%  inhibition  of  maximal  heat  production  in  the  cold-acclimated 
sheep  compared  to  6 7>  inhibition  in  the  warm-acclimated  sheep. 
Although  the  sympathetic  control  of  metabolism  was  small,  it  appears 
that  it  did  play  some  part  in  the  metabolic  response  of  cold- 
acclimated  sheep  to  extreme  cold  stress. 

Winter-acclimatized  sheep  did  not  increase  heat  production 
to  levels  similar  to  the  cold-acclimated  sheep.  However,  rectal 
temperature  decreased  at  a  greater  rate  compared  to  the  latter 
animals.  Winter-acclimatized  sheep  thus  tended  to  decrease  body 
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temperature  more  and  increase  heat  production  less  than  cold-acclimated 
animals f  In  other  words  during  severe  cold  stress  these  animals  exhibited 
heterothermic  tendencies  This  has  adaptive  significance  with  regard  to 
conservations  of  energy  during  brief  periods  of  cold  exposure.  At  this  level 
of  heat  production  the  winter-acclimatized  sheep  did  not  require  increased 
heat  production  through  sympathetic  pathways, 

In  order  for  agriculture  to  maintain  "dynamic  homeostasis"  with 
increasing  population  the  efficiency  of  food  production  must  be  increased  in 
developed  areas,  and  eventually  food  must  be  produced  in  undeveloped  areas. 
Studies  based  on  increasing  animal  production  for  eventual  food  consumption 
aid  in  supporting  both  of  the  above  avenues. 

A  greater  understanding  of  mechanisms  of  physiological  control  of 
the  animal  not  only  aid  the  producer  to  increase  production  but  also  may 
support  other  fields  of  endeavor,  whose  relevance  to  the  main  topic  may  not 
be  immediately  apparent, 

The  present  study  concerned  the  possible  sympathetic  controls  of 
energy  metabolism  and  heart  rate  during  eating  and  during  cold  stress  in  sheep P 

The  information  obtained  with  regard  to  control  of  energy  metabolism 
has  immediate  relevance  to  the  problem  of  feed  efficiency  in  ruminants 
exposed  to  natural  environments  particularly  those  which  exist  in  Western 
Canada.  The  studies  on  the  control  of  the  normal  and  isolated  heart  acquire 
new  importance  in  clinical  medicine  as  cardiologists  take  great  steps  for¬ 
ward  in  their  approach  to  the  preservation  of  human  life, 
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GENERAL  SUMMARY 

Experiments  were  performed  to  investigate  the  beta-ad¬ 
renergic  control  of  energy  metabolism  and  heart  rate  in  the  sheep 
during  their  responses  to  the  naturally  occurring  stimuli  of  cold 
stress  and  of  eating.  The  responses  of  the  heart  were  also  studied 
after  total  pharmacological  denervation.  A  summary  of  the  results 
obtained  is  presented  below. 

1.  Beta  adrenergic  blockade  with  propranolol  at  0.25, 

0.5  and  1.0  mg/kg.  inhibited  sympathetic  induced  cardioacceleration 
for  at  least  two  hours.  Following  propranolol  infusion  resting 
heart  rate  increased  by  about  20  beats/min.  This  is  contrary  to 
the  results  obtained  for  dogs  and  for  man. 

2.  Propranolol  inhibited  cardioacceleration  in  sheep 
during  mild  cold  stress  but  not  during  eating.  During  severe  cold 
stress  heart  rate  did  increase  from  98  to  118  beats/min  after 
propranolol  treatment.  The  absolute  values  obtained  were,  how¬ 
ever,  only  about  half  those  recorded  in  the  untreated  animals 
exposed  to  severe  cold. 

3.  Atropine  at  .05  mg/kg  effectively  blocked  vagal 
control  of  heart  rate.  Following  total  pharmacological  cardiac 
denervation  with  atropine  and  propranolol  resting  heart  rate 
increased  from  60  to  100  beats/min.  This  indicates  the  extent  to 
which  resting  heart  rate  in  the  intact  sheep  is  reduced  by  tonic 
vagal  impulses. 

4.  Total  pharmacological  blockade  did  not  significantly 
alter  the  resting  heart  rate  of  thyroidectomfe  ed  sheep  which 
remained  at  about  75  beats/min.  This  suggests  that  thyroid 
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hormone  is  important  in  the  regulation  of  intrinsic  heart  rate 
in  the  sheep. 

5.  Following  total  pharmacological  blockade,  the  heart 
rate  of  intact  and  thyroidectomiz ed  sheep  did  not  alter  signifi¬ 
cantly  during  eating. 

6.  During  exposure  of  shorn  sheep  to  -30°C , cold-acclimated 
animals  increased  heat  production  to  eight  times  their  estimated 
fasting  level  of  metabolism;  Maximal  heat  production  was  257. 
greater  than  that  of  the  warm-acclimated  and  32 7o  greater  than  that 
of  the  winter— acclimatized  sheep  exposed  to  a  similar  air  tempera¬ 
ture.  The  winter  acclimatized  sheep  appeared  not  to  increase  heat 
production  to  maximal  levels  but  rather  to  permit  some  body  cooling. 

7.  Propranolol  reduced  maximal  heat  production  in  the 
cold" accl ima ted  sheep  by  127,  and  in  the  warm-acclimated  sheep  by 
67o.  Propranolol  had  no  effect  on  metabolic  rate  in  the  winter- 
acclimatized  sheep  at  -30°  C.  This  supports  the  conclusion  that 
these  sheep  did  not  display  maximal  heat  production  at  -30°  c. 
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TABLE  12-  Rectal  Temperature  (°C)  During  Cold  Exposure 
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APPENDIX  4a 

Mean  Squares  -  Experiment  1 
Cold  Exposure 


Source 

d.  f . 

Heart  rate 

M.  S. 

Heat  production 
M.S 

O2  pulse 
M.S. 

CO2  pulse 

1 

3 

11234**** 

32437**** 

22.33** 

14.24* 

2 

4 

17155**** 

.9672*** 

91 . 22**** 

69.43**** 

3 

7 

348N.S. 

860*** 

2.68N.S. 

3.06N.S. 

1x2 

20 

1455**** 

2452**** 

6. 31**** 

3 . 17**** 

1x3 

35 

233**** 

207N.S. 

0 . 7  6**** 

0. 75**** 

2x3 

28 

91* 

301N.S. 

0.35N.S. 

0. 25N.S. 

Error 

140 

52 

153 

0.29 

0.21 

Total  239 


1  Treatments  of  cold  exposure. 

2  Animals. 

3  Time  periods. 

Probability  of  significant  difference: 

. 1% 

***0 . 5% 

**1.0% 

*3.0% 
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APPENDIX  4b 

Mean  Differences  -  Experiment  1 
(P  C  0.01) 

Cold  Exposure 

Duncan's  new  multiple  range  test 

(underlined  values  are  significantly  the  same) 


Heart  rate 

a) 

Treatments  of  cold  Sx  =>  2.30 

T-Con 

t-p2  c-p3  cp2 

CPl 

C-Con 

62.96 

76.66  83.75  85.94 

83.13 

114.01 

T-Con 

T-P2  (C-P3  CP2 

CPl)" 

C-Con 

62.96 

76.66  85.60 

114.01 

b) 

Animals 

Sx  =  2.10 

DY 

DC  GY  SY 

HY 

70.45 

76.35  77.34  83.38 

117.89 

Heat  production 

a) 

Treatments  of  cold  Sx  =  3.11 

t-p2 

T-Con  C-P3  C-Px 

C-P2 

C-Con 

101.27 

102.79  138.01  157.33 

160.75 

162.09 

b) 

Animals 

Sx  =  2.84 

GY 

HY  DC 

DY 

SY 

121.65 

126.10  133.78 

151.18 

152.50 

*  Mean  Propranolol  Values 
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APPENDIX  4b  cont. 

3.  (>2  Pulse 

a)  Animals 

Sx  =  0  4 

HY 

GY  DC  SY  DY 

3.64 

5.31  5.95  6.47  7.29 

4.  CC>2  Pulse 

a)  Animals 

Sx  =  0.30 

HY 

GY  DC  SY  DY 

3.24 

5.23  5.56  5.59  6.49 

TABLE  13.  Preliminary  Feeding  Trials  -  Heart  Rates 

beats/min 
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saline  infusion  and  three  levels  of  propranolol  (0.25,0.5  and  1.0  mg/kg). 
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APPENDIX  6a 

Mean  Squares  -  Experiment  1 
Feeding  Trials  (preliminary) 
Heart  Rate 


Source 

d.f  . 

M.S  . 

1 

4 

398.0  N.S  . 

2 

10 

4406 .2**** 

3 

4 

3983.8**** 

Error 

256 

210.3 

Total 

274 

1 .  Treatments  during  feeding 

2 .  Times 

3.  Animals 


****  P  <  0.001 
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APPENDIX  6b 

Mean  Differences  -  Experiment  1 
(P<0.01) 

Feeding  Trials  (preliminary) 

Duncan's  New  Multiple  Range  Test 

(underlined  values  are  significantly  the  same) 

Heart  Rate 

a)  Times  during  the  trials  Sx  =  2.90 

1  11  10  98237654 

69  79  78  80  84  92  99  99  103  105  105 


b)  Animals  Sx  =  1.96 

DY  SY  GY  HY  DC 

80.4  81.0  93.3  95.5  98.7 
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APPENDIX  7 


TABLE  14.  Heart  Rates  During  Feeding 

(beats/min) 


Time  (hours) 
eating 

0.5  1  1.5 

2 

2.5 

Control  1 

60  +  20*  99  +  20 

123  +  18 

106  +  25 

84  +  32 

Control  2 

55  +20  87  +  15 

113  +  24 

90  +  21 

75  +  24 

Mean 

57  +21  91  +  22 

118  +  25 

98  +  26 

80  +  33 

Propranolol  1 

60  +  15  80  +  10 

98  +  20 

97  +  26 

86  +  25 

Propranolol  2 

62+16  82+8 

90+8 

85  +  20 

83  +  16 

Mean 

61  +  14  81+9 

94  +  14 

91  +  19 

85  +  20 

TABLE  15  . 

Heat  Production  During 

Feeding 

(kcal/hr) 

Time 

(hours) 

eating 

0.5  1 

1.5 

2 

2.5 

Control  1 

93.8+9.7*  150.9+26.0 

164.0+22.8 

131.5+12.6 

121.0+19.7 

Control  2 

94.4+14.3  163.3+23.7 

170.1+31.0 

124.8+17.9 

120.8+11.9 

Mean 

94.1+14.4  157.1+23.8 

167.1+31.1 

128.1+17.9 

120.9+19.8 

Propranolol  1 

105.9+12.6  169.7+6.0 

181.1+15.7 

141.6+13.8 

135.9+20.4 

Propranolol  2 

99.4+27.9  153.5+46.4 

156.5+46.4 

125.3+32.8 

123.8+32.7 

Mean 

102.7+27.9  161.6+46.4 

168.8+41.2 

133.5+32.9 

129.9+32.8 

*S  .D. 
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APPENDIX  8a 

Mean  Squares  -  Experiment  1 
Feeding  Trials 


Source 

d.f. 

Heart  rate 

M.S. 

Heat  production 

M.S. 

1 

3 

7743** 

1260.3** 

2 

4 

6028**** 

15612.0**** 

3 

4 

5542**** 

5329.0**** 

Error 

88 

136 

309.6 

Total 

99 

1  Treatments  during  feeding. 

2  Times  during  feeding. 

3  Animals. 

Probability  of  significant  difference: 

***0 . 5% 

**1.0% 

*5.0% 
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APPENDIX  8b 

Mean  Differences  -  Experiment  1 
Feeding  Trials 
(P<  0.01) 

Duncan's  new  multiple  range  test 

(underlined  values  are  significantly  the  same) 

1 .  Heart  Rate 

a)  Times  during  exposure  Sx  =  2.61 
(see  Appendix  7  ) 

a  e  b  d  c 
59.1  82.1  86.4  94.3  106.0 


b)  Animals  Sx  =  2.61 

SY  DC  GY  DY  HY 

74.4  76.1  79.2  83.6  114.7 

2.  Heat  Production 

a)  Times  during  exposure  Sx  =  3.93 

(See  Appendix  7  ) 

a  e  d  b  c 

98.4  125.3  130.8  159.4  167.9 

b)  Animals  Sx  =  3.93 

HY  GY  DC  SY  DY 

111.4  136.6  136.6  140.2  157.1 


TABLE  15  -  Mean  Heart  Rates  of  Sheep  at  Summit  Metabolism  (beats/min. 
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TABLE  16  -  Heat  Production  (kcal/hr)  of  Sheep  at  Summit  Metabolism 
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APPENDIX  15 

Mean  Squares  -  Experiment  3 
Summit  Metabolism 


Source 

d.f . 

Heart  Rate 

M.S  . 

Heat  Production 

M.S  . 

1 

1 

51 , 538**** 

57695.0**** 

2 

2 

4 , 992**** 

7758.8**** 

3 

5 

1 ,427*** 

506  5 . 0**** 

Error 

27 

299 

2  56.8 

Total 

35 

1 .  With  and  Without  propranolol 

2 .  Environmental  groups 

3.  Time  periods 

Probaility  of  significant  difference: 

****  0.1% 

***  0.5% 

**  1.0% 

*  5.0% 


